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ABSTRACT

TITLE : THEORETICAL INVESTIGATION OF CONFORMATIONS AND ENERGEES
OF METAL-FREE ORGANIC DYE FOR DYE-SENSITIZED SOLAR CELLs
- BY DFT/TDDFT STUDY
BY : RATTANAWALEE RATTANAWAN
DEGREE : MASTER OF SCIENCE
MAJOR : CHEMISTRY
ADVISOR  : ASST.PROF.DR.SIRIPORN JUNGSUTTIWONG

KEYWORDS : DENSITY FUCNTIOANAL THEORY / TIME-DEPENDENT DENSITY
FUCNTIOANAL THEORY/! METAL - FREE ORGANIC DYE

The conformations, electronic and optical properties of metal free organic dyes have
been investigated by Density functional theory (DFT) and Time-dependent DFT (TDDFT)
calculation. The effects of different donors, different linkers and different acceptors have been
performed on the coumarin derivatives, N,N-dimethylaniline and. carbazole—fluorene derivative.
The ground state structures‘ were optimized at the B3LYP/6-31G (d,p) level of theory
implemented in Gaussian 03 program. The intramolecular charge transfer (ICT) properties were
evaluated by single point energy calculation using TDDFT at the same basis set. Our results show
that the ICT character involves primarily the promotion of an electron from the HOMOs to the
LUMOs. The calculation results were compared with the experimental data. We also_found that
the calculation results are good agreement with experimental results. The TDDFT ca]cﬁlations can

predict the properties of structure and energy of organic materials for DSCs applications.
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CHAPTER 1
INTRODUCTION

1.1 General introduction

1.1.1 Bye-sensitized solar cells (DSCs})

Dye-sensitized solar cells {(2SCs), an alternative to the conventional solar cell,
were developed by O’regan and Gratzel [1]. They have been increasing interest in DSCs because
of their high photoelectric conversion efficiency, simple assemble technology and potential low
cost. In these cells, the sensitizer is one of the key components for high power-conversion
efficiency. . Among the material tested so far, ruthenium polypyridyl complexes have shown
outstanding charge-transfer properties. Overall energy conversion efficiency greater than 10%
was achieved with two excellent dyes, N3 and N719 [2]. However, ruthenium complex dyes are -
not suitable for cost-effective and environmentally friendly photovoltaic system because
ruthenium is a rare and expensive metal, which limits the potentially wide application of these
complexes {3}.

Since metal free sensitizers are being investigated as alternative sensitizers for
DSCs applications. Most of the reported highly efficient metal free dyes could be classified as
electron donor acceptor T-conjugated (D-r-A) compounds [4]. For further development of highly
efficient dye in DSCs, the dye must be designed to absorb most of the radiation of sun light
invisible and near-IR region to produce a large photocurrent response. In addition, suitable
energy level and location of highest occupied molecular orbital {HOMO) and lowest ocuupied
molecular orbital (LUMO) of the dye are required to maich the I/I; redox potential and
conduction band edge level of the TiO, semiconductor, respectively [5].

Currently, molecular modeling techniqiues and especially quantum chemistry
offer a competitive alternative for the interpretation of the experimental data. Therefore the
theoretical investigations of the physical properties‘_of d;'e sensitizers are very important in order
to disciose the relationship among the performance, structures and the properties. It is also helpful

to design and synthesis novel sensitizers with higher performance. The density functional theory



(DFT) and time-dependent density functional theary (TDDET) methods were petformed to
theoretically investigate the ground-state and excited-state electronic structures. The theoretical
prediction will be useful and helpful for the design and synthesis of novel molecular materials,
In this work, we have studied the electronic structure and the optical properties of organic
sensitizer, First, we consider the geometry of the organic dyes in the electronic ground state using
DFT methbd. Second, we explore the optical response of the different structures using TDDFT
{6]. The aim of this work is to understand the physical-chemical aspects that govern the light
absorption process in the organic metal free dye to find the parameters that affect to the efficiency
of these dyes as DSCs sensitizers. |
1.1.2 Basic principle of DSCs

The typical DSCs consist of three main components: (i) organic sensitizer
coating with wide band gap semiconductor which is placed in contact with a redox electrolyte, the
material of choice has been TiO, (anatase), (ii) an electrolyte solution containing redox couple
such ag I'/I;, the regeﬁeration of the sensitizer by iodide intercepis the recapture of the conduction
band electron by the oxidized dye and (iii) a counter electrode which is a platinized conductive
glass substrate shown in Figure 1.1 (). The iodide is regenerated by the reduction of tri-iodide at
the counter-electrode the circuit being completed via electron migration through the external load.
The voltage generated under illumination corresponds to the difference between the fermi fevel of
the electron in the solid and the redox potential of the electrolyte. Overall the device generates
electric power from light without suffering any permanent chemical transformation [7].

As shown in Figure 1.1 (b), the DSCs process is‘ initiated by dye absorb photons
which excite the dye molecule from the ground state to the excited state, and the resultant excited
dye molecule injects an electron to the conduction band (CB) of TiO,. The resultant oxidized dye
molecule is quickly reduced to its original state by T ions in the electrolyte. When I is oxidized to
its oxidized form I, and the latter is reduced back to I’ through accepting electrons at the counter
electrode. The electric circuit is completed by diffusion of I' and I, from and to the counter

electrode, respectively. ‘

;
To improve the efficiency of DSCs, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMOY) of dyes must be situated under

I/1, redox couple and placed above the CB of the TiO, semiconductor to produce regeneration



and efficient clectron injection. In addition, the solar spectrum of dye should be sensitive to cover

UV/visible and near-IR range to increase broad-band light harvesting [8].
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Figure 1.1 (a) Typical of DSCs.and (b) energy level diagram of DSCs



1.1.3 Metal-free organic sensitizer

The ideal sensitizer for DSCs converting standard global AM 1.5 sunlight to
electricity should absorb all light below a wavelength of about 920 nm. In addition, it must also
carry attachment groups such as carboxylate to the semiconductor oxide surface. The energy level
of the excited state should be well maiched to the lower bound of the conduction band of the oxide
to minimizé energelic losses during the electron transfer reaction. TIts redox potential should be
sufficiently positive that it can be regenerated via electron donatiqn from the redox clectrolyte.
Therefore, much effort has been put into improve the power conversion efficiency. Moreover,
it did not take much time for the scientific community to prove the DSCs are alternatives to the
conventional first- and second-generation silicon solar cells. In fact, the DSCs technology works
well, even in diffused light conditions, unlike the first-and second-generation photovoltaic devices
[9, 10].

The sensitizer is one of the key components in achieving high efficiency and
durability of DSCs dévices. The extensively used charge-transfer sensitizers employed so far in
such cells are ruthenium complex producing solar energy-to-electricity conversion efﬁciencie§ of
11_% shown in Figure 1.2, Although ruthenium complexes have shown very good efficiency, there
are certain limitations in the practical application of these complexes for DSCs. The first problem
is the rarity of the ruthenium metal as a results it is very expensive. Secondly, these complexes
have a lack of absorption in the red region of the visible spectrum and also relatively low molar
extinction coefficients. The third drawback is that the metal complex-based sensitizers involve
careful synthesis and tricky purification steps. A new class of ‘cor.npounds such as mefal-free
organic dye was developed. Organic sensitizer is indeed possible to tune the absorption and
electrochemical propéfties in a desired manner through suitable molecular design strategies.
More interestingly, the high molar extinction coefficient of these metal-free sensitizers is
particularly atiractive because they enhance the conversion efficiency [11, 12].

The donor-spacer-acceptor (D-m-A) system is the basic structure for designing
the metal-free dyes due to the effective photo induced i:ntramoiecular charge transfer properties_.
Most of the organic sensitizers applied in DSCs have thg'ree important parts: 1) the electron donor
2) the electron acceptor and 3) the linker units g'for the f-conjugation {o enhance the molar

absorption coefficient. Thus, it is interesting to study the influence of the electron donor,



the electron acceptor, and the linker separately in metal-free-dyes with a general structure donor—

linker—acceptor {13].

C
s §
Z907 Black dye

Figure 1.2 Molecular structure of N3, N719, Z907 and Black dye

1.1.3.1 Donor part

The dye consists of an electron-donating group, n-spacer and electron
.acceptor. The influent of different section cause signiﬁcant'differences in photuvéltaic character
[14]. Kohjiro Hara and coworker developed a class of coumarin derivatives. The novel coumarin
dyes for use in DSCs were studied, they employed methine unit (-CH=CH-) connecting both the
cyano (-CN) and carboxyl (-COOH) groups into the coumarin framework expanded the
Tl-conjugation in the dye and thus resulting in a wide absorption in the visible region. A HOMO-
LUMO calculation indicated that the electron moves' from the coumarin framework to the
~-CH=CH- unit by photoexcitation of the dye (a 7-m* tra;sition). These novel dyes performed as
efficient photosensitizers for DSCs. Under optimized coplldition, the device based on dye molecule
NEX-2311 gave 6.0 % efficiency [15]. The structt;re of NKX-2311 shown in Figure 1.3 which

carboxyl group is directly connected to the -CH=CH- unit, this is advantage for effective electron



injection from the dye into the conduction band of TiO,. Moreover triphenylamine has widely
been used as an electron donor. for metal-free organic sensitizers due to its excellent
electrondonating capability and aggregation resistant non-planar molecular configuration.
Recently, triphenylamine-based dyes, TPA2, shown in the Figure 1.3 were designed and
synthesized. These results suggested that the commercial application of organic dyes in DSCs is

promising t16}.

Yol (Y (LI
# ™ SCOOH

NKX-2311 TPA2

Figure 1.3 Molecular structure of NKX-2311 and TPA2

1.1.3.2 Linker

Moreover the effect of different electron-donating cause significant
differences in photoydltaic character, T-spacer is also play a crucial role in determining the solar
energy—to-e]ectricity conversion efficiency of DSCs. The thiophene units are used to provide
conjugation between the donor and the anchoring groups as well as to increase the molar
extinction coefficient of the dye. The absorption maximum of metal-free organic dyes gradually
red-shifts with size expansion of their conjugate system by increasing the number of methine
units, A drawback related to these dyes that they are liable‘to experience T-stacked aggregation
on TiO, surfaces. Rocio Sanchez-de—'_Armas and coworker compare similar sensitizers in
Figure 1.4. In this serics the T electron system increases, the main band becomes wider, the
maximum position of the main band and the absorption spectra slightly red-shift, the light
harvesting process is more favorable when the absorption specira is lower and the first band in the
spectrum becomes wider extending into the visible rejgion. This modification improves the
performance of coumarin dye. Therefore efficiencies up to 7.7% have been reached in DSCs

based on cowmarin dyes containing two thiophene u?its [17,18].
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Figure 1.4 Molecular structure of the coumarin derivatives

1.1.3.3 Acceptor

The excited electrons on the dye molecules are injected to the
semiconductor film through the acceptor moiety. The acceptor part has significant influence on
the photovoltaic 'proﬁeﬂies of the dyes. For example, Wei Xu and co-work designed and
synthesizéd two novel organic dyes (TPAR1] and TC12) in Figure 1.5 coniaining
styryltriphenylamine as the donor part and rhodanine-3-acetic acid or cyanoacrylic acid as the
electron acceptor. The inﬂm;,nce of two different acceptor moieties on the optical and
electrochemical characters of the dyes and the performances of the DSCs were studied [19].
A molecular-orbital caIcuIatioﬁ shows that the delocalization of the excited state for TPARII is
broken between the 4-oxo-2-thioxothiazolidine ring and the acetic‘acid, which affects the electron

movement from dye molecule to the semiconductor film [20].
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Figure 1.5 Molecular structure of the two triphenylamine-based dyes



1.1.4 Theoretical investigation on metal-free 6rganic sensitizer
Theoretical calculations can be of great help in the design of new solar cell
sensitizers with improved characteristics, thereby providing a deep understanding of the character
of the excited states involved in the absorption and injection processes.

-~ Juan Pei and coworker have designed and synthesized a new TPA derivative
(TPAR14): The geometrical and electronic properties of the TPAR14 were performed with the
Gaussian 03 program package. The calculation was optimized by means of the BILYP method
(Becke three parameters hybrid functional with Lee-Yang—Perdew correlationfunctionals)
in combination with the Pople 6-31+G(d) atomic basis set. The excitation transitions of TPAR14
as shown in Figure 1.6 was calculated using time-dependent density functiona! theory (TD-DFT)
calculations with B3LYP/6-31+G{d). Molecular orbitals were visualized using Gaussview.
The calculation results shown that two pheny! of the diphenylvinyl part are arranged in an out-of-
plane fashion to minimize the steric hindrance. The rhodanine-3-acetic acid group was found to
be essentially cop’lanaf with the neighboring pheny! of TPA unit, reflecting the strong conjugation
across the phenyl ring. The HOMO is fo a large extent distributed over the system between the
donor and acceptor groups. However, the-LUMO reflecting the excited state of the dye under
light illumination is delocalized across the linker and acceptor group. This distribution of HOMO
and LUMO levels is separated in the compound, indicating that the HOMO to TLUMO transition
can be considered as a charge-transfer tfransition. Assuming similar molecular orbital geometry
when anchored to Ti0,, the position of the LUMO close to the anchoring group enhances the
orbital overlap with the titanium 3d orbitals and favors electron inj‘ectéon. TD-DFT calculations on
a B3ILYP/6-31+G(d) level of theory show two transitions with large oscillator strengths (f> 0.1),
consistent with the absorption spectrum. The lowest transit'i-on is calculated at 2.18 eV and
corresponds to an ICT excitation from HOMO to LUMO. Density functional theory calculation
shows that the electron distribution is shifted fromthe donor unit to the electron acceptor under
light irradiation, which favors efficient ICT [21]. ‘

Zhongquan Wan and coworker heve: reported the calculation results of the
organic sensitizer with different arylamine donor as shi'own in Figure 1.6, The geometries and
energies were optimized by density functional thecgry (DFT) calculations. Gaussian 03 package

was used for density functional theory (DFT) calculations. The geometries and energies of the



organic dyes were determined using the B3LYP method with the 6-31G (d,p) basis set.
The HOMO is mainly located on the electron donating group and linker, and the LUMO is mainly
located in electron withdrawing groups through the linker. [t reveals that the benzene linker is
essentially coplanar with cyanoacetic acid group. There are effective electron separations between
HOMO and LUMO of these dyes induced by light irradiation. The influence of the different
arylamine Ie]ectron donors on the photophysical, electrochemical properties and photovoliaic
performances were studied by spectral, electrochemical, photovoltaic experiments, and density
functional theory calculations. These findings reveal that different electron donors in organic
sensitizers cause significant differences .in photovoltaic performance [22].

Ho Wan Ham and Young Sik Kimhave have designed and studied new indoline
dyes as shown in Figure 1.6 that exhibit high efficiency. Density functional theory (DFT) and
time-dependent DFT (TDDFT) calculations were performed on the ground state of the indoline
dyes. This computational procedure atlows us to provide a detailed assignment of the excited
states involved in the 'absorption process. The geometries in the gas phase were optimized by the
DFT method using the B3LYP exchange-correlation function together with a 6-31G(d) basis set in
the Gaussian 03 program package. Electronic populations of the HOMO and LUMO were
calculated to show the position of the localization of electron populations along with the
calculated molecular orbital energy diagram. At the ground-state-optimized geometries were
performed TDDFT calculations at the B3JLYP/6-31G{(d) level of theory. Solvation effects were
included by the conductor-like polarizable continuum model (CPCM), as implemented in the GO3
program package. Calculation of the lowest singlet-singlet e‘xci.tations at the ground-state-
optimized geometries aliowed us to simulate the portion of the absorption spectrum.
The calculated electronic structure in terms of molecular orbital ene'r-gies and localization is
consistent with the experimental results. The good agreement between the experimental and
TDDFT calculated absorption spectra of the D149 sensitizer allowed us to provide a detailed
assessment of the main spectral features of a series of dye sensitizers [23].

Haining Tian and coworker have stuidied the effect of the electron donating
groups, Ci-1, D5 and TH208, on device performance as shown in Figure 1.6. To get a further
insight into the difference in performance of DSCs b;\SBd on organic dyes, density functional

theory (DET} calculations were performed at a B3LYP/6-31+g(d) level for the geometry
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optimization. The HOMO is mainly located on the electron donating group and 7i-spacer, and the
LUMO is located in electron withdrawing groups through the W-spacer. It reveals that the
thiophene 7-spacer is essentially coplanar with cyanoacrylic acid group. There are effective
electron separations between HOMO and LUMO of these dyes induced by light irradiation.
The result suggests that the nonplanar stractures of organic sensitizers could be further designed to
complete fhe monomolecular adsorption without suppressor and obtain the more prominent
performance of DSCs {24].

Xiaobing Cheng and coworker investigated on the geometrical structures of the
three dyes by using density functionlal theory (DFT) calculations and time-dependent DFT
(TPDFET) calculations of the excited states at the B3LYP/6-31 +G(d) level with the Gaussian 03
program package. To gain insight into the geometrical, electronic, and optical properties of the
dyes XS28-XS30 as shown in Figure 1.6, DFT calculations and time-dependent DFT (TDDFT)
calculations of the excited states were performed. From the calculation result shown that the
HOMO orbital of XS28-XS30 is of 7t-character and is delocalized over the entire motecule with
maximum components on donor units. The LUMO orbital is, on the other hand, a single
Ti* orbital delocalized across the cyclopentadithiophene and cyanoacrylic acid groups with sizable
contributions from the latter. This distribution of HOMO and LUMO levels is separated in the
molecule of compound, indicating that transition from HOMO to LUMO can be considered as
a charge-transfer transition In addition, this spatially directed separation of HOMO and LUMO is
an ideal condition for dye-sensitized solar cells, which not only facilitates the ultrafast interfacial
electron injection but also slows down the recombination of the injéctéd electron with the oxidized
dyes. These results suggest that the sensitizers based on functionalized cyclopentadithiophene unit
are promising candidates for DSCs [25]. 7

Surya Prakash Singh and coworker heve reported the calculation results of
TPAI1-CNI1-R1 and TPAT-CNI1-R2 as shown in Figure 1.6 to understand the nature of the optical
transitions, results obtained by DFT and TDDFT methods are analyzed. Geometrical parameters
of the molecules optimized at the RB3LYP/6-31 G(d,p) !evel. As expected the molecules are not
planar but slightly twisted with respect to the central plane. This twisting could be dependent on
the solvent and thus charge transfer would be angle "depe‘ndent. The stimulated absorption spectra

of both the dyes were calculated. The solvent phase (THF) TDDFT spectrum closely matches
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with the experimental observation. The computed vertical excitations show that the singlet singlet
transition is dominated in both molecules by charge transfer from the donor moieties to the

acceptor moieties [26].

TPARI4 DTA D149

secasaiNoVes
N .

TH208 ns c1-1

-
N
|

X828

COOH

TPA-CCN2-RY

TPA-CCNZ-R1

s
Figure 1.6 Molecular structure of organic sensitizers,

¥
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1.1.5 Photochemistry

Photochemistry is the study of chemical reaction. that proceeds with the
absorption of light by atom or molecule. Chemical reactions occur when a molecule is provided
the activation energy. In case of photochemical reactions light provides the activation energy.
Simplistically, light is one mechanism for providing the activation energy required for many
reactions, The absorption of a photon of light by a reactant molecule may also permit a reaction to
occur not just by bringing the molecule to the necessary activation energy, but also by changing
the symmetry of the molecule’s electronic configuration, enabling an otherwise inaccessible
reaction path.  Photochemical rea;',tions involve electronic rcorganization initiated by
eleciromagnetic radiation. The reactions are several orders of magnitude faster than thermal
reactions; reactions as fast as 10 * seconds and associated processes as fast as 10 ** seconds are
often observed. The ease of electronic transition from the ground to a higher excited state dictates
whether the observed wavelength is in the UV-Vis region. UV and Vis spectra offer valuable
information for idéntifying compounds, especiailly by the use of their emission.
The photoabsomption propérties of a D-t-A dye are associated with intramolecular charge transfer
(ICT} excitation from the donor to the acceptor moiety of the dye, resulting in efﬁcipnt electron

transfer through the acceptor moiety from the excited dye into the semiconductor CB i27, 28].

1.L.5.1 The Jablonski Diagram

The energy gained by a molecule when it absorbs a photon causes an
electron to be promoted to a higher electronic energy level. The Jablonski as shown in Figure 1.7
illustrates the principal photophysical radiative and non-radiative‘prdcesses displayed by organic
molecules in solution. The symbols §;, S|, T,, etc., refer to the ground electronic state (S,), first
excited singlet state (S,), second excited triplet state (T,), and so on. The horizontal lines
represent the vibrational levels of each electronic state. Straight arrows indicate radiative
transitions aﬁd curly arrows indicate non-radiative transitions. The boxes detail the electronic
spins in each orbital, with electrons shown as up and down arrows, to distinguish their spin. Note
that all transitions from one electronic state to another ofiginate from the lowest vibrational level
of the initial electronic state. For example, fluorescence occurs only from S, because the higher
singlet states (8,, etc.) decay so rapidly by internal ‘conversion that fluorescence from these states

cannot compete [29].
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1.1.5.2 Electronically excited states -~

The absorption of a UV or visible photon by a molecule produces an
electronically excited state. Electron excitation is the movement of an electron to a higher energy
state. This can either be done by photoexcitation (PE), where the original electron absorbs the
photon and gains all the photon's energy or by electrical excitation (EE), where the original
electron aﬁsorbs the energy of another, energetic electron. Within a semiconductor crystal fattice,
thermal excitation is a process where lattice vibrations provide enough energy to move electrons
to a higher energy band. When an excited electron falls back to a lower energy state again, it is
called electron relaxation. This can ﬁe done by radiation of a photon or giving the energy to
a third spectator particle as well. In physics there is a specific technical definition for energy level
which is often associated with an atom being excited to an excited state [30].

1.1.5.3 Energy leve! diagram

One way to view the propesties of molecular excited states is shown by
the potential energy diagram in Figure 1.7. This diagram, known as a Franck-Condon energy
level diagram, shows potential cnergy curves for the ground state (S,), and first excited singlet
state (8,) of an organic molecule as a function of nuclear configuration. These curves are-
sometimes referred to as potential energy wells, because of their shape. The horizontal lines
within each curve represent the vibrational levels of each electronic state. The lowest vibration
state for each energy level is designated as 0, and the levels above it are successively 1, 2, efc.
The band assignments in brackets (e.g., (0, 1)) indicate, respectively, the vibration level of the
initial state, and of the final state involved in a transition [31]. o

The horizontal axis is the nuclear configuration which can be thought
of as the distance between nuclei. When considering two atoms bonded to each other, the bottom
of the well corresponds to the equilibrium bond length. Because excitation involves the
movement of charge density into an antibonding orbital, the equilibrium bond length in
S, is generally longer than in §,. The absorption of light takes place on a much faster time scale
(~ 10-15 s) hence the initially formed excited state musf have the same nuclear configuration as

s
the ground state. This transition is called the vertical ot Franck-Condon transition, and results in

the molecule having excess vibrational energy. THe excess vibsational cnergy can be dissipated

through the process of vibrational relaxation, i.e., the process of intemal conversion, which returns
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the molecule to the lowest vibrational level of S,. Fluorescence usually occurs from the lowest
vibrational level of S,. Because these transitions occur at lower energies than absorption that is
observed at longer wavelengths (1) than absorption (i.e. lower energy), as shown in the lower

right corner of Figure 1.8,

Internat

S B conversion
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Figore 1.7 The Jablonski Diagram

Energy

Nuclear configuration

Figure 1.8 Franck-Condon energy level diagram ‘
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1.2 Objectives of this research

1.2.1 To investigate the effect of electron donating capability of coumarin derivatives
by comparing between two different donor, O-coumrin and N-coumarin as shown in Figure 1.9,

to improve the structural and optical properties of these dyes for using in highty efficient DSCs.

Cuﬂzso 0 "o

()
Figure 1.9 Molecular structures of (a) O-coumarin and (b) N-comarin derivative
i
1.2.2 To investigate the effect of conjugated:spacer on dimethylaneline derivatives by
substituting different linker and increasing number of ;thiophene units as shown in Figare 1.10
to improve the intramolecular charge transfer, opticfal properties and energy gab of dyes for using

in highly efficient DSCs.
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Figure 1.10 Molecular siructures of dimethylaneline derivatives

1.2.3 To investigate the effect of anchoring group on carbazole-fluorene derivatives
by introducing different anchoring unit (acrylic acid and cyanoacrylic acid) as shown in
Figure 1.11 to improve the electronic properties, energy gab and the injection of electron from

LUMO level of dye to conduction band of TiO, of dyes for using in highly efficient DSCs.

Figure 1,11 Molecular Structures of carbazole-fluoréne derivatives

¢



CHAPTER 2

COMPUTATION DETAIL

| Recently, the computational chemistry has reached a consensus on a relatively well-
defined range of computational methods suitable for studying electronic and optical properties of
dyes used in DSCs. For this reason, calculations by different groups are often comparable in
terms of accuracy and expected discrep;ancy from experiment. In practice, geometry optimization
is performed using Density Functional Theory (DFT), and Time-Dependent Density Functional
Theory (TDDFT) is used to describe the excited states and optical properties of the optimized

molecules. [32]

2.1 The Hatree-Fock Theory

2.1.1 Hamiltonian oberator for many—electron system
The quantum chemical methods are based on finding solution to the

Schrodinger wave equation on molecular orbital theory.
HY = EY (1)

Where H is Hamiltonian operator which gives the kinetic and potential energies of the system.

The Hamiltonian operator for many electrons system can be written

AV

v)

fedv-> w35 L

i=l A=} ,A i=l j<i ,' A=1 B<A

t

'
In Equation 2, the first and second term represent the kinetic energies of electron and nucleus,

respectively. The third term is the electron—nucleus attrq'ction. The forth term corresponds to the
‘.
electron-electron repulsion and the fifth the nuclear—nuclear repulsion.
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2.1.2 Born-Oppenheimer Approximation
The Bomn-Oppenheimer Approximation is central to quantum chemistry. Since
nuclei are much heavier than the electron one can treat clectrons as if they are moving in the field
of fixed nuclei. With this approximation, the five terms in Equation 2 can be reduced to three and

the Schrodinger equation for nuclei and electron can be solved separately.

jesl Ly

i=l A=1 Ty =l j<i il

Within this approximation, the kinetic energy of the nuclei can be neglected to
be constant. The remaining terms are called the electronic Hamiltonian or Hamiltonian describing

the motion of N electrons in the field of M point charge.

A

He!ech’ec ,: Eclec!lyelec (4)

In the Hartree Approximation the n-electron wavefuction {//HP is simply

written as a product of one-electron wavefinctions )
HP
7 (xI ,xz,...xn) =g (x).6,(x,)..4,(x,) ‘ 6))
Such a many—electrons wavefunction is termed a Hartree product, with electron
being described by the orbital ¢, electron —two being described by the orbital @, , ect. Using the
Hartree product, the energy is just the sum of orbital energies.
E=¢ teg,+.+¢, )

The orbital energies are obtained from '

h(i)g,(0) =€, ¢,(x) * )
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Where h(i) is the one electron Harmiltonian operator which is function of coordinates of each
electrons,
2.1.3 The Slater Determinant
Hartree product WHP does not satisfy the asymmetry principle. That is the inter
change of two electron coordinates dose not lead to change in sign of the wave function, in the

Hartree — Fock theory the wavefunction is given by the slater determinants of n spin-orbital

¢1(x1) ¢'2(x1)“- $,(x,)

1| 4(x) 4(x) ¢(x)
(XXX, )=—=| P ik (8)
n! : : :
¢l (xn) ¢2 (xl) ¢n (xn)
\/1_ is the normalization constant for n—-electron system
H
A short hand notation for slater determinant is written using only the diagonal element.
W(xl’x2“'xn)5l¢l (‘xl)¢n(x2)"'¢n(xn)> ’ (9)

The sister determinant is accepted to be simplest antisymmetric wavefunction

which can be used to describe the ground state of an n-electron system.
By using Slater determinant the Pauli Exclusion’ Principle is automatically
satisfied from the most important property of determinat, namely the determinant is zero if two
" rows or two columns of the determinant are axactly the same. In the other words, no two electrons
are allowed to occupy the same spin orbital since this will lead to zero value of the wave function.

2.1.4 The Hariree — Fock Equations [33]

The Hartree-Fock method seeks tq approximately solve the electronic
Schrodinger equation and it assumes that the wavefunction can be approximated by a single Slater
determinant made upof one spin orbital per electron. Sincé the energy expression is symmetric, the
variational theoremholds, and so we know that the Stater determinant with the Towest energy is as

close as we can get to the true wavefunction for the assumed functional form of a single Slater



20

determinant. The Variational principle states that if a normalized wavefunctionqu') that satisfies

the appropriate boundary condition is given, the expectation value of the Hamiltonian is upper

bound to the exact ground state energy. That is, if (Eﬁ!;f;) =1then

)2 E, (10)

The equality holds only when ‘93) is identical o the exact wavefunctionlgé). The problem of
minimizing a function subject to a constraint of normalization is solved by Lagrange’s method of
undetermined multipliers. According to the variational principle, the orbitals are those which

minimize the electronic energy E, which is defined by

Hiy) (11)

o
-

Where I, is a core Hamiltonian for an electron, describing its kienetic energy and potentaial
energy in the field of the nuclei and J_, and K, is the conlombic energy and exchange energy,
respectively. By a linear variational method, the orbitals can be systematically varied with the
constraint that they remain orthonarmal unit the energy £, isa mir‘lim.um.

‘ For a given single determinant Iw) = |¢,¢2...¢a¢b...¢") the energy is a function
of the or};ital {¢,} . We need to minimized E with respect to the orbital, subject to the constrants

that the orbitals remaineorthonomal,

[ a0 (g, () = (¢ |,) = 5, (12)

4

Using the variational principle, the best orbitals that mini{nize E are obtained from
.
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{ft(lHZN:J@ MD-K,, (1)} 4,0 = ieab(‘?’sb M (13)

=1

The Coulomb operator, corresponding to the classical electronic interaction, is defined by
e, 0= [ deg vz, 2.0 (14
And the non-local potential operator deécribing the exchange term iﬁteraction, is
Ko, =[ [ deds 78,2 4,0 s

Equation 4 can be written in a short form of

¢b> (16)

n W
Fi¢a> = bzeab
=1

The Fock operator, £, is an effective one electron operator, describing the kinetic energy of an
electron, the attraction of all the nuclei and the repulsion of all the outer electrons (via j and K}

called the Fock operater, of the form

ﬁ(l):ﬁ(l)+f}b(l)—kab(t) - an
b=i

Equation 16 is not in the canonical eigenvalue form. The reason is that any single determinant
wavefunction formed from a set of orbitals retains a certain degree of flexibility in the orbitals.
It is always possible to find a unitary matrix U such that the transformation diagonalizes €.

A new set of orbitals {gﬁa} can be obtained from an oldset {¢a} by a unitary transformation, i.e

¢‘a :Z;ébUba the equation 14 can be written in the canonical form without changing the
b

expectation value of energy. ‘

4,) (18)
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Where e, is the orbital of qi‘a . From Equation 9 the total electronic energy E is given by

N

E:Z%(hm+ e,) (19

Since the Fock operator has a function dependence, through the Coulomb and Exchange operators,
ont the solution of {qé,} of the pseudo-eigenvalue equation, thus the Hartree-Fock equations are
really nonlinear equations and will need to be solved by iterative procedures.
2.1.5 The Roothan Equation
Numerical solution of Equation 9 is usually found by expanding the orbitals in

a basis sef;
M
¢1’ = 2 Cvi;l/v (20)

In equation 20, the unknown HF orbitals ¢, are written as a linear expansion in M known basis
function y,. If the set of ;{,,' is complete, it would be an exact expansion. Equation 16 can be

thus wﬁﬁén'as
M M
FZCWZV =Ei ZCW'Z\’ (21)

Multiplying from the left by a specific basis function and integrating yields the Roothan—Hall

equations which can be shown'in 2 matrix form of

2C [ MEM 2,0 =, [dry,FQ)z, () @2)

f
'

Two matrices are defied here as the overlab matrix S and'the Fock matrix F. The Fock matrix has

elements :

F,, =[drig,0FO 2,0 =(z,]7) (23)
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And the overlab matrix S has element

Sﬂy =Idr}zﬂx‘i m(,’{’# Z’v> (24)
Although the basis function { ,7[.,} is assumed to be normalized and linearly
independent, they are not in general orthogonal. The diagonal elements S L 4re unitary and the

off—diagonal elements are numbers less than one in magnitude. Equation 24 can thus be written in

a short form of Roothaan equation as
> F.C,=€7.8,C,i=123.M (25)

If a system is close—shell the sum over N occupied spin orbitals included an

equal sum over those with the « spin fuction and those with the f spin function, ie.,

v % % the Fock operator then has a form of
D) !

b@ Py
A A % A ~
FM=hm+>2J,m-K,0) 26)
a=I '

The Fock matrix F is the matrix representation of the Fock operator in the basis { V4 ﬂ} , l.e.,

F,, =[dng, FO2,0+ Y. fdr [ 27,00~ R,0) |, 0)

a=1
N
/ _
=H;‘1’f" +Z2(ya[va)—(ua[av) 27
a=1

Where a core-Hamiltonian matrix is integral involving the one-electron operator describing the

kinetic energy and the nuclear attraction of an electron. By inserting the linear expansion for the

molecular arbitals into the two—electron terms on gegs '



= H3" +ZZCM M[ (po|v/1)w—(-;£a|/1v)]

a Ao

. 1
=H," +ZPM [(Ju0‘|w1) —E(yafﬂv):;

= H‘COI‘B + G

v

VA
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(28)

P is the density matrix, P, = ZZ €,:C y, and G is yhe two — electron part of the Fock matrix.

The Roothaan equations are nonlinear and can be written in a matrix from of

FC=8Ce

2.2 Density fanctional theory [36]

(29)

Density functional theory-based methods ultimately derive from quantum mechanics

research from the 1920’s, especially the Thomas-Fermi-Dirac model. The DFT approach is based

on a strategy of modeling electron correlation via general functionals of the electron density.

2.2.1 Hohenberg-Kohn theorems

Such methods owe their modern origins to Hohenberg-Kohn theorem, published

in 1964, which demonstrated the existence of a unique functional which determines the ground

state energy and density exactly. In the quantum mechanics Hamiltonian, the kinetic energy of

electron and electron—electron interaction (V) adjuct themselves fo the external potential (V) to

get the lowest total energy. Thus, the external potential can be uniquely determined from

knowledge of the electron density. The Hoherﬁaerg—kohn theorem states that if N interacting

electrons move in an external potential V,,, the ground state electron density o(r) minimized the

functional

E[p]=F[p +jp(r) (r)dr

i

(30}

where F' [p] is a universal functional of p(¥) and-the minimum value of the fanctional E is E,

the exact ground-state electronic energy.
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And by using the variation principle, the density can be obtained.
2.2.2 The Kohn — sham Equation
Kohn and Sham (1965) introduce a method based on the Hohenberg-Kohn
theorem that allows one to minimize the functional E[n(r)] by varying p(r)overall the
densities containing N electron. The derived a coupled set of différential equations enabling the
ground state density p{r) to be found. Kohn and sham separated F [ p(r)] in Equation into

three distinct part, so that the functional E becomes.

B[p]=T,[p()]+ j f Mdrdr +Eep()+ [ p(rV,  (r)dr (32)

Where T} [ p(r)] is defined as the kinetic energy of non-interacting electron gas with density
pr),
T, [p(r) = ——Zw, (Vi (r)dr (33)

And E,.p(r) is the exchange-correlation energy functional. Introducing a normalization
constraint on the electron density, p(r)dr =N, by the Langrange’s method of undetermined

multiplier, we obtain
S{E[p(]- [Ip(r)dr N]j=o 64

When g is an undetermined Lagrangmultiplie. The number of electrons in the system is constant
i

50 ON =0 then equatio reduce to

+

SE[p(r) - 6 | p@'r)dr) =0 (33)
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Using the definition of the of the differential of the functional SF = J. —5 F(x)dx and the

81 (x)
fact that the defferentail and the integralsigns may be inferchange,

oF

I [p(r) ——28p(r)dr—u j do(r)dr = (36)
- 8p(r)

SE[p(r)] }J SE[p(r)]

= — () dr = ——— =y (37
I { sory 8o(r)

Equation 34 may now be rewritten in terms of an effective potential, ¥,,.(¥),

ST, [p(")] ~
50(r) +V () =u (38)
Where . V)=V, (r)+ j = i+Vm ) (39)
And V() =M (40)
* pr)dr

2.2.3 Exchange and correiation

Hohenberk and Kohn demonstrated that E_ .is ;ietermined entrierly by the
electron density. In practice, E,, is ussaully approximated as an integral involving only the spin
densities and possibly their gradient. E_ is usually divided into separate part, referred to as the
exchange and correlation part, but actually corresponding to the same-spin and mixed-spin

interaction, respectively:

i

Eyc [P]:EX [P]"‘E:c {P] (41)
All three term are again functiénals of the electron density, and functional

defining the two components on the right side of equation are termed exchange functional and
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correlation functional, respectively. The form of of E_ is il general unknown and ifs exact value
has been calculated for only a few very simple systems. In the density functional theory, the

exchange functional is always defined as follow

- E o) =(ApIP .

#lol)-Ulp] 42)

When U{p] is the Hartree price of the coulomb potential. The correlation term is defined as the

remaining unknown price of the energy:

E.[p]=Flp]-T.[p]-Ulo1- B, [] )

For calculations in which the energy surface is quantity of primary interest DFT
offers a practical and potential highly accurate alternative to the wavefunction discussed above.
- In practice, the unility of the theory rest on the approximation used for E..

' 2.2.3.1 The Local Density Apporoximation

The generation of approximations for E,  has lead to large and still
expanding field of research. Ihomas and Fermi studied the Homogeneous electron gas in early
1920’s the orbital of system are, plane waves. If the electron interaction is approximate by the
classical Hatree potential the total energy functional can be readily computed. Under these
condition the dependence of kinétic and exchange energy on the density of electron gas can be
extracted and expressed in term of local functions of | the density. This suggests that
inhomogenecous system might approximate the function as an integral over a local function of the
charge density. Using the kinetic and exchange energy densities of fhe non-interacting

homogeneous electron gas this leads to;

T[p(r)]=2.87[ o (r)dr

4

And, !

E,[p]= 0.74] p% (r)dr (44)
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These results are highly suggestive of a representation for E,_ in an
inhomogeneous system. The lacal exchange cotrelation energy per electron might be approximate

as a simple function of the local charge density. That is, approximation of the form;
- E2 [p)]=[exe (p))p(r)dr 45)

Withe the LDA €. is a function of only the local value of the density. It can be separate into

exchange and correlation contribution;

ey (P)=ey (P)+ec (p) (46)

The Dirac form can be used for

& (p)=-Cp" )

Where for generality a free constant, C, has been introduced rather than that determined for the
hoinogeneous electron gas. This function is form is much more wid'ely applicable than is implied
from its derivation and can be established from scaling arguments. The functional form for the
correlation energy is unknown and has been simulated for the homogeneous electron gas in
numerical guantum Monte Carlo calculations which yield essentially exact results. The resultant
exchange correlation energy has been fitted by a number of analytic forms all of which yield
similar results in practice and are collectively referred to as LDA functional. -
2.2.3.2 The Generalised Gradient Approximation

The local density approximation can be considered to be the zeroth
order approximation to the semi- classical expansion of the density matrix in term of density and
its derivatives. A natural progression beyond the LDA is jihat gradient expansion approximation in
which first order gradient terms is the expression are‘ include. In the generalized gradient
approximation {GGA) a function a functional frm"f_A is e;idopted which ensure the normalization

condition and that the exchange hole is negative definite. This lead to an energy functional that
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depends on both the density and its gradient but retains the analytic properties of the exchange
correlation hole inherent in the LDA.

An approach to improving the LDA, so call generalized gradient
approximation (GGA), is to include gradient comelations by making E,. a functional of the

density and its gradient:

EZ [p(]= [exc (pt))p@)dr+ [ Fye [ p(r)|¥] p0) | 49)

Where F\. is a correction chosen to satisfy one or several known limits for E «c - Clearly, there is
no unigue recipe for F,.., and sevéral functional is currently a currently a very active area of
research and although incremental improvements are likely,' it is far from clear whether the
research will be successful in providing the substantial increase in accuracy that is desired.

2.2.3.3 Hybrid Functionals {34}

. ' There is an exact connection between the non interacting density

functional system and the fully interacting many body system via integration of the the work done
in gradually turning on the electron electron interaction. The adiabatic connection approach allow

the exact functional to be formally written as

) ] 2
Ex[p]= -i; | dFdF'ﬂIo dil—"‘ﬁ%l [<P@®)PE) >, ~pFISF 7] @9)

Where the expectation value <..> ,is the density-density correlation functional and

is computed at density p(r) for a system described by effective potential;

;{ 2
Vip =Vt > e (50)

if F"—rl
i

'
)
Thus the exact energy could be computed if one knew the variation of

density density correlation function with the coupling constant, 4. The LDA recoved by replacing

the pair correlation function with that for the homogeneous electron gas. The adiabatic integration
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approach suggests a difference approximation for the exc}iénge—correlation functional. At A=0
the non-interacting system corresponds identically to Hartree—Fock ansatz, while the LDA and
GGA functional are constructed to be excellent approximations for the fully interacting
homogeneous electron gas—that is, a system with. A=0. It is therefore not unreasonable to
approximate the integral over the coupling constant as a weighted sum of the end point—that is, we

might set:
Eye mabpy + aEg,?A (s1)

Within the coefficients are to be determined by reference to a system for which the exact results is
known. Becke adopted this approach in the definition of a functional with coefficients determined
by a fit to the observe atomization energies, ionization potential, proton affinities and total atomic
energies for a number of small molecules.

| Hybrid functional of this type is now very widely used in chemical
applications with the B3LYi’ functional being the most notable. Computed binding energies,
geometries and frequencies are systematically more reliable than the best GGA ﬁ_l_nctional.

A Becke-style three-parameter functional may be defined via the following expression: .
ERMT = (1-a)Ey +akily’ +bEY® +cE;” +(1-c)EXP (52)

Here, the parameter C, allows any admixtur.e of Hartree—Fock and LDA
local exchange to be used. In addition, Becke’s gradient correction to LDA exchange is also
included, scaled by the parameter c,. Similarly, the VWN3 local correlation functional is used
and it used, and it may be optionally corrected by the LYP correction via the parameter the
parameter ¢.. In B3LYP functional, the parameters values are those specified by Becke, which he
determined by fitting to the atomization energies, ionjization potential, proton affinities and
first-row atomic energies in the G1 molecule set: co=0.2"0, ¢,=0.72 and cc=0.81. Note that Beck

used the Perdew—Wang 1991 correlation functional in his original work rather than VWN3 and

LYP. The fact that the same coefficients work well with different functional reflects the
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underlying physical justification for using such a mixture of Hartree-Fock and DFT exchange first

pointed out by Becke.

2.3 Time-dependent density functional theory [35]

' The Time-Dependent extension of DFT (TDDFT) has become the method of choice.
This is due to it’s the accuracy coupled with its reasonable scaling with the systems dimensions.
TDDFT can be as accurate as correlated ab initio techniques for the the description of excited
states, displaying a much lower computational cost. TDDFT is stifl limited to excited state having
a single-excitation character and various problems of current XC functional have been highlighted
for long-range charge transfer excitations in which the starting and arriving orbitals of given
transition do not overlab significantly. Nevertheless, TDDFT is current successfully applied to
study of organic molecule and systems containing transition metal centers. Considering the
ground state geometry the excited state geometry, TDDFT can simulate can simulate absorption
spectra. 'This opens the way to cﬁlculations of emission spectra and excited state dynamics.
Furthermore, efficient procedures*; for calculations of dense spectra have recently been reported.

Density functional theory (DFT) in its usual time-independent from is essentiallyﬁr
a ground state theory and, as such, excludes the interaction of matter with time-dependent fields.
There is generally no rigorous way, for example, to calculate electronic excitation energies due to
photoabsorption. Standard DFT can be extended to excited states representing the lowest state of
a given space-spin symmetry. The description of time-dependent phenomena, including
photoexcitation, was incorporated properly into DFY by Runge and Gross who generalized the
Hohenberg-Kohn theorem to time-dependent densities and potentials. It makes sense to
distinguish between two main types of time-dependent DFT (TDDFT) calculations.
The overwhelming majority of applications deal with relatively weak electric fields,
e.g. photoabsorption spectra, which can be treated as a small perturbation within linear response
theory. The other branch solves the TDDFT equatiolns in the time domain to dynamically
propagate electrons and nuclei. In the present article vla;e will limit the discussien to the linear

response aspect, the particular focus being on electronic éxcitation.
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According to the Runge-Gross theorem there is a one to one correspondence

between the time-dependent external potential, V,_(r,f)and the time-dependent electron density,

p(r,t), for a fixed initial state. This can be seen as a generalization of the usual Hohenberg-

Kohn theorem for electronic ground states. Similar to the static case, one can cast the many-

electron problem into the Kohn-Sham non-interacting electrons from assuming non-interacting

v-represent ability. The latter assumption means that the density of the interacting system can be

reproduced by the non-interacting potential, V,, i.e.

oce 2
p@r,= Dl 1)

where the orbital ¢,(r,f) satisfy the time — dependent Kohn — sham equations
, 0 v
I'é;?%('f‘,f) = —“i-“+ V.ol (g0

With

)
r—r'|

vlplen=Ve [p](r”)JrId’”'I +Vi (o]0

(53)

(54)

(55)

Defining the exchange-correlation potential V. [p] (r,t). In the uaval

adiabatic approximation, the exchange-correlation potential is taken to be simply the derivative of

the static ground state exchange-correlation energy, E,.. with respect to the density,

SFE
Vi [p](r,t) ”“%

(56)



CHAPTER 3
COUMARIN DERIVATIVES

3.1 Introduction fo coumarin sensitizer

Coumarin derivatives are used in a wide range of applications, such as dye-sensitized
solar cells (DSCs) and dye lasers. Coumarin dyes, for example coded as coumarin 343 is good
organic sensitizer for efficient electron injection from the dye to the conduction band of
semiconductors. Electron-transfer processes in the C343 semiconductor systems have been
studied. They found that the charge injection from the C343 dye to the conduction band (CB) of
the TiO, occurs on a time scale of ca, 200 fs. It is attributed to strong electronic coupling between
the dye and TiO, encrgy levels. However, the efficiency based on C343 is lower than the
efficiencies of DSCs based on Ru-cofnp]ex owing to the former’s lack of absorption in the visible
region [36]. Therefore, the absorption spectra of organic dyes must be developed to have the
broadened and red-shifted absorption spectra for highly efficient of solar-cell performance in
terms of harvesting sunlight, Kohjiro Hara and coworker developed a class of coumarin
derivatives. The coumarin ﬂyes modified with thiophene moieties were sensitized and their high
performance in DSCs was investigated. DSCs based on the coumarin dyes gave pgood
performance in terms of incident photon-to-current conversion efficiency (IPCE) in the range of
460-800 nm. They found that a solar energy to electricity conversion efficiency of 7.4% was
obtained with a device of NKX-2677 based dye [37]. Currently, theoretical investigation on
physical properties of organic dye in order to disclose the relationship among performances,
structures and optical properties. Kang Deuk Seo and coworker examined the excitation energy of
coumarin dyes containing a Jow-band-gap chromophore of ethylenedioxythiophene (EDOT) by
using DFT and TDDFT study. The dyes comprise a cc)témarin moiety as the electron donor and
a cyanoacrylic acid moiety as electron acceptor in Djﬁt-A system shown in Figure 3.1. The
calculation results are in good agreement with experimental data. -As the calculation results,
the solar cell based on HKK-CMI sensitizer shows better photovoltaic performance with the

overall conversion efficiency of 6.07% HKK-CM2 and HKK-CM3 based solar cells.
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Even though HKK-CM2 and HKK-CM3 have more extended aromatic units than HKK-CM], the
degree of m-conjugation in HKK-CM2 and HKK-CM3 is less efficiency than that of HKK-CM1
due to the relatively larger torsion angle between the plane of the donor and that of the acceptor
[38]. Later, Julien Preat and coworker investigated on UV absorption spectra of coumarin
derivatives with the theoretical methods. In the density functional theory framework, various
basis sets Ias well as several functionals have been tested. It turns out that the Becke-Lee-Yang-
Parr functional (B3LYP) combined with the 6-3114G (2d,2p) basis set provides reliable
absorption spectra when the solvent effects are included in the model [39]. Nowadays, Saurabh
Agrawa and coworker have investigated the two coumarins, NKX-2311 and NKX-2593 by using
TDDFT. The two sensitizers differ only in their Hnker moieties and are shown to have different
absorption spectra when adsorbed on to the TiO, surface. Knowledge of different light absorption
and charge transfer (CT) behavior within these complexes is useful for further improving the

performance of organic dyes presently being designed and investigated worldwide [40].

HKK-CMI HKK-CM2 HKK-CM3

Figure 3.1 Coumarin derivatives

In this chapter, the investigation of D-%-A systems, especially the molecular structure
of the ICT states is an important point of discussion. Herein, theoretical calculations were
performed to study the ground—staté structures and optical properties of O-Coumarin and
N-Cournarin sensitizer. The series of conjugated metal-free organic dyes containing coumarin unit

i
{O-Coumarin and N-Coumarin) as electron donor, thiophene and phenyl as linker and
cyanoacrylic acid as electron acceptor as shown in Fi;gure 3.2, The influence of increasing
thiophene units for improving the absorption spectra of coumarin derivatives and the difference
linker (thiophene and phenyl) were investigated. Moreover, the effect of different donor between

O-Coumarin and N-coumarin, were studied.



N-CTzA N-CT3A

Figure 3.2 Sketch map structures of the target molecule O - Coumarin

3.2 Method

To gain insight into the factor responsible for the absorption spectral, we perform
density functional theory (DFT) and time-dependent DFT (TDDFT) calculations on the ground
state of organic dyes. The ground state structure of O-Coumatin and N~Coumarin were optimized
by the DFT method using the B3LYP exchange-correlation function with 6-31G (d,p) basis set.
Electronic population of the HOMO and LUMOQ weie calculated to show the position of
localization of electron populations along with the caEcEt'llated molecular orbital energy diagram.
The elecironic absorption spectra require caEculat;.on of the allowed excitation and oscillator

strengths, these calculations were carried out using TDDFT with the same basis set and exchange—
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correlation functional. The absorption spectra of all organic dyes were calculated using the
Swizard program and the results were compared with the experimental data. Solvent effect for
dichloromethane was included by means of the conductor-like polarizable continuum model
(C-PCMj). This computational approach allows us to provide a detailed assignment of the excited
state involved in the absorption process. All calculations were carried out using the Gaussian 03

program package.

3.3 Results and discussion

3.3.1 O-Coumarin derivatives
3.3.1.1 Optimized structure

The structures of organic dye used in this study are shown in Figure
3.2. The optimized geometries of O-CTnA and O-CTnPA in the gas phase obtained by DFT/
6-31G (d,p) are shown in Figure 3.3 and the selected inter-ring distances and dihedral angles are
listed in Table 3.1 |

To un&erstand the influence of different linker, the dihedral angles of
O-Coumarin dyes were analyze. The dihedral angle between C-T in O-CT1A, O-CT2A and
0-CT3A are -0.00, -0.16 and 3.51 degree respectively, T-T dihedral angle were calculated to be
0.18 and -3.69 degree for O-CT2A and O-CT3A, respectively. The calculation result show that
the dihedral angle between donor and linker is coplanar. Moreover, T-A dihedral angle are found
to be 0.00-0.02 degree indicating the cyanoacrylic acid group was located to be coplanar with the
thiophene. From the results, we found that the donor and acceptor moicties are fully conjugated as

demonstrated by the co-planarity of the doner, linker and acceptor.
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Figure 3.3 The optimize structure of O-CT1A, O-CT2ZA, O-CT3A, O-CTPA and O-CT2PA by

calculated BALYP/6-31G (d,p) level of theory

Table 3.1 Selected inter-ring distances (A) and dihedral angles (%) of O-CT1A, O-CT2A,

O-CT3A, O-CTPA and O-CT2PA calculated by B3LYP/6-31G (d,p) caleulations

Moelecules C-T T1-T2 T2-T3 T1-P T-A
O-CTIA  Dihedral (®) 000 - . . 0.00
Distance () 1.46 - - - 1.43

O-CT2A Dihedral (@) -0.16 0.18 - - -0.01
Distance (r) 1.46 1.44 - - 1.42
O-CT3A Dihedral (@) 351 -0.94 3.69 - -0.28
Distance () 1.46 1.44 1.44 - 1.42

- O-CTPA Dihedral (D) 5.70 - i - -17.24 3.60
Distance (r) 1.46 - - 1.46 1.45

O-CT2PA Dihedral (@) -2.01 11.65" - -16.83 0.66
Distance (7) 1.46 1¥.44 1.46 1.46

Note: C is coumarin, P is phenyl, T is thiophene, A is acceptor

When the thiophene ring was replaced by phenyl ring, T-P dihedral

angle was found to be -17.24 and -16.83 degrec for O-CTPA and O-CT2PA respectively. Since

~
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the effect of steric repulsion between the hydrogen atoms of thiophene and benzene, the dihedral
angle between thiophen and phenyl is not fully coplanar. The non-planar structure affect to
delocalization of electron from donor to acceptor cannot smoothly. It is noted that the optimized
geometries, the T-T dihedral angle of inker in O-CT1A, O-CT2A and O-CT3A is smaller than the
T-P dihedral angle in O-CTPA and O-CT2PA. From the calculation results, we found that
coumarin !dyes with thiophene-thiophene linker is more coplanar than that of the coumatin dyes
with thiophene-phenyl linker. The results suggesting that the strong conjugated effects are form,
This conjugation is vety helpful for efﬁcient transfer in conjugate chains. Furthermore, dye with
a more planar 7i-conjugated chain may have a better DSCs performance.
3.3.1.2 Electronic structure

To gain insight into the geometrical and electronic structures of the
dyes, molecular orbital and density of state were performed by using B3LYP/6-31G (d,p) level of
theory. The frontier molecular orbital of the dyes are shown in Figure 3.4. The calculated the
HOMOs level, the LUMOS level and percentage contribution of frontier molecular orbital of
O-CTnA (n=1-3) and O-CTnPA (n=1-2) are listed in Table 3.2. From the results can be seen that-
the HOMOs level are a delocalized 7t orbital over the coumarin and thiophene unit, whereas the
LUMOs level are ®* orbital which 7-electron was localized in thiophene ring, phenyl ring and
cyanoacylic group. Thercfore, this distribution of the HOMO and LUMO is separated in the
donor and acceptor part of compounds, indicating that the HOMO—LUMO transition can be
considered as an intramolecular charge transfer (ICT) transition. To obviously explain the charge
separation, the electron density of each part was shown in Table 3.2, .

Electron density distribution of HOMO state for O-CT1A, O-CT2A and

‘O-CT3A is mainly located at the coumarin which is calculated to be 58%, 30% and 25% and the
thiophene moietics are calculated to be 30%, 58% and 68%, respectively. These results indicate
that the electron density of HOMO is mainly located on donor part. For the LUMOs level, the
percentage contributions of cyanoacrylic acid are calculated to be 43%, 35% and 36% for
O-CT1A, O-CT2A and O-CT3A, respectively, which i:s mainly delocalized on acceptor part,
From these results, the excited electrons are shifted fromg'the ¢lectron donor moiety to the electron
acceptor unit implying that the single excited state éf these molecules could be considered as the

intramolecular charge transfer from donor to acceptor along through the T-conjugated skeleton.
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Table 3.2 Summarizes the energies and character of frontief orbital of O-CT1A; O-CT2A,
O-CT3A, O-CTPA and O-CT2PA calculated by B3LYP/6-31G (d,p)

Molecular Molecular percentage composition
Molecule
orbital Energy (eV} Donor Linker Acceptor
B LUMO 2.69 26 31 13
O-CT1A
HOMO -5.44 58 30 12
LUMO 278 8 47 35
O-CT2A .
HOMO -5.25 30 58 12
LUMO -2.80 7 58 36
0O-CT3A
HOMO -5.12 25 68 7
LUMO -2.69 17 41 42
O-CTPA
HOMQO -5.25 38 55 6
LUMO -2.69 7 51 42
O-CT2PA
' HOMO - =509 29 68 3

For the series of different ®W-spacer, phenyl ring instead of thiophene
unit which are composed of O-CTPA and O-CT2PA dyes, the HOMOs level are a delocalized
T orbital over the donor and Tt-spacer, while the LUMOs level is a ¥ orbital that localized in
m-spacer and acceptor unit, The percentage contributions of coumarin are calculated to be 38%
and 29% and the electron density of thiophene are calculated to be 55% and 68% for O-CT1PA.
and O-CT2PA, respectively. For the LUMOs level, the percentage contributions of cyanoacrylic
acid are calculated to be 42% for both of CTIPA dyes and CT2PA dye. It was found that the
excited electrons transfer from the electron donor to the electron acceptor unit indicating that the
excited state of these organic dye could be considered as the ICT along the m-conjugated
backbone. Moreover, comparing between O-CT2A and O-CTPA, the percentage contributions
results have been shown that electron contribution of li}}ker in both dyes are slightly different,
Therefore, it is clearly concluded that thiophene ring is E'appropriate linker for improving the dye

:
efficiency of our dye molecules.
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HOMOQ LUMO

O-CT'1A

O-CT2A

O-CT3A

O-CTPA

Figure 3.4 Frontier molecular orbital of O-CTIA, O-CTZA and O-CT3IA, O-CTPA and O-CT2PA
calculated by B3ALYP/6-31G (d,p) level of theory

Table 3.3 The calculated HOMO-LUMO energy gap of O-CTEA, O-CT2A, O-CT34A, G-CTPA

and O-CT2PA

Molecule Avonosuo €Y) Expt.'(eV)
O-CTIA 2.75 2.53
O-CT2A 2.48 2.48
O-CT3A 231 2.38
O-CTPA 277 | 2.58

O-CT2PA 250 246

“Calculations are performed with B3LYP/6-31G (d,p) in gas phase.

bExpc—n‘imcntal Ajonmo 1o estimated from the onset of the absorption spectra E (eV)= 1240/M,

in dijute CH,ClI, solution.

onset |
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Figure 3.5 (a) Molecular orbital energy diagram of O-CT1A, O-CT2A and O-CT3A and

(b} Molecular orbital energy diagram of O-CTPA and O-CT2PA
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TFrom the calculated results as presented in Table 3.3 the HOMO-
LUMO gabs of the dye O-CT1A, O-CTF2A, O-CT3A, O-CTPA and O-CT2PA are calculated as
2.75, 248, 2.32, 2.77 and 2.50 ¢V, respectively. The energy level of O-CT1A, O-CT2ZA,
O-CT3A, O-CTPA and O-CT2PA as shown in Figure 3.5, the HOMO-LUMO gap of O-CT3A is
smallest, compared with those of O-CT1A and O-CT2A, respeclively, indicating that increasing
. the numbér of the thiophene units increases the HOMO level and narrows the HOMO-LUMO gap.
Moreover, comparing the HOMO-LUMO gap between O-CTnA and O-CTnPA dye, we found
that introducing thiophene substituent has remarkable influent on the LUMOs level. The LUMOs
of O-CTPA and O-CT2PA with phenyl group is destabilized by 0.12 — 0.14 eV compared to the
cotresponding O-CT2A and O-CT3A respectively. Therefore, the LUMOs level of O-CT2A and
O-CT3A with thiophene was closer conduction band of TiO, than those of CTPA and O-CT2PA,
respectively.

3.3.1.3 Absorption spectra

TDDFT calculations on a B3LYP/6-31G(d,p) level of theory

show transitions with large oscillator strengths consistent with the absorption spectrum.
The absorption spectra of all compounds are shown in Figure 3.6. Their optical characteristics are
listed m Table 3.4. The main absorption peak of O-CT1A, O-CT2A and O-CT3A are
477.0 nm, 544.0 and 605.7 nm, respectively. The main absorption spectra could be attributed to
the intramolecular charge transfer (ICT) between the donor and the acceptor which is consistent
with the assignment fo the transition from the ground state (Sy) to the first singlet excited
state (S,). o

) For O-CTPA and O-CT2PA, the main absorption spectrum is
around 515.6 and 574.7 nmf, respectively. This result can be attributed to the ICT character from
the donor part to the acceptor. The calculated results by using TDDFT, we found that the
calculated data have the same tendency with the experiment. Beside the calculated absorption
spectra of O-CT2A exhibit red-shifted compared to the absorption of O-CT1PA. It should be
noted that improving conjugation system by the additiog; of thiophene unit is more suitable than

pheny! unit,
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lowest states by TD-B3LYP/6-31G(d,p} (solvent)

43

Excitation
Oscillator
Molecule State energy Assignment Character
- strength ()
(eV, nm)
S,—> S, 2.60(477.0) 1.3010 H—> L (83%) CT, 7
O-CTA H-1-— L (57%), .
S8, 3.50(353.8) . 01112 CT, -7
H—> L+1 (38%),
Sy—> S, 228(544.0)  1.5279 H—>L(83%) CT, n-%"
0-CT2A H-1 —> L (54%), .
S,—>S, 3.05(406.0) 0.1894 CT, t-n
H—> L+1 {42%),
S,—>S, 205(6057) 17186  H—>L(85%) CT, nm’
O-CT3A : H —> L+1 (68%), .
S,—> S, 2.73(454.9) 0.4716 CT, em

H-1 =L (27%)

Table 3.5 The excitation energies, oscillator strengths and molecular compositions for the 2

lowest states by TD-B3LYP/6-31 G (d, p) (solvent)

H-1 —> L (9%)

Excitation
Oscillator ‘
Molecules  State energy Assignment Character
strength ()
{eV, nm)
O-CTPA  §—>§, 240 (5E5.6)-' 1.4406 H—> L (88%) CT, n-m
S,—>S, 3.17(391.0) 0.3236 H—> L+1 (77%), CT, nm
- H-1—> L (15%),
O-CT2PA §,—>S, 2.16(5747)  1.6204  H-—> L(88%) CT, -’
S,—>S, 280(4429) 04683 H > L+ (82%), CT, n-n’
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Figure 3.6 Calculated absorption spectra of O-CT1A, O-CT2A, O-CTPA, O-CT3A and
O-CT2PA by B3LYP/6-31G (d,p)

33.2 N-Coumﬁrin derivatives
3.3.2.1 Oplimized structure

The structures of organic dye used in this study are shown in Figuze 3.7.
'I“he optimized geometries of N-CT2A and N-CT3A in the gas phase obtained by DFT/6-31G(d,p)
are shown in Figure 3.8 and the selected inter—ring distanqes and dihedral angles are listed in
Table 3.6 The dihedral angle of N-coumarin dye were investigated to understand the influence of
the increasing thiophene number. The dihedral angle between C-T of N-CT2A and N-CT3A
are -2.56 and 1.65 degree, respectively. For T-T dihedral angle were calculated to be 0.64
and 1.12 degree for N-CT2A and N-CT3A, respectively. The T-A dihedral angle of N-CT2?A and
N-CT3A are in range of (,02-0.21 degree, respectively. Form the calculated results, the dihedral
angle of donor, linker and acceptor moieties in N—C:T2A and N-CT3A are coplanar. It is
suggesting that optimized structures are fully conjugatefi as demonstrated by the co-planatity of
the donor and cyanoacrylic acid groups. It is interesting'to compare the results of this report with
those of the previous report of O-CT2A and O-CT3A involving the same linker and acceptor but

different donor, The results revealed that the replacement of O~Coumarin by N-coumarin show
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a similar dihedral angle between C-T dihedral angle of N-CT2A and N-CT3A and C-T dihedral
angle of O-CT2A and O-CT3A, as shown in Table 3.1. The optimized geometry of N-CT2A is
coplanar structure similar to those of O-CT2A this coplanar structure may have directly affected
better electron injection via a smooth pathway from donor to acceptor moiety, Resulting in the

better perfonnénce of DSCs with thiophene based dye.

N-CT2A N-CT3:A

Figure 3.7 Sketch map structure of target molecule N-CT2A and N-CT3A

FE S 2 N
: by ) i | -+ 2 @
o ey ‘a-d 4 |- = i i; F
J“’? jﬁ f i*ﬁ “&,; P o @ﬁs “’"‘J 2 “‘B_&,ﬁ\.@'ﬁ e P
@y ‘g _J; 4 & @ T ey 3 w f 4 @
e S I ®

Figure 3.8 The optimized structure N-CT2A and N-CT3A calculated by B3LYP/6-31G (d,p) level

Table 3.6 The selected inter-ring distances and dihedral angles of N-CT2A and N-CT3A by
B3LYP/6-31G (d,p).

Molecule C-T T1-T2 T2-T3 T-A
N-CT2A  Dihedral (@) 2.56 0.64 - 0.02
Distance () 1.46 v 144 - 1.43
N-CT3A Dihedral (@) 1.65 7.51 1.12 0.21
Distance {r) 146 1.44 1.44 1.43

Note: C is coumarin, T is thiophene, A is acceptor
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3.3.2.2 Electronic structure
To understand the electronic structure of N-coumarin dyes, N-CT2ZA
and N-CT3A, molecular orbital and density of siate were performed by using B3LYP/6-31G {d,p)
level of theory. The frontier molecular orbitals of dyes are shown in Figure 3.9 The calculated
HOMOs level, the LUMOs level percentage contribution of frontier molecular of N-CT2A and
N-CT3A afe listed in Table 3.7.

It can be seen that the HOMO level is a 70 orbital delocalized over the
donor and linker unit, whereas the LUMO is 7+ orbital localized in thiophene and cyanoacylic
group. Therefore, this distribution of the HOMO and LUMO is separated in the compounds.
From the results indicating that the HOMO—LUMO transition can be considered as an
intramolecular charge transfer (ICT) transition. To obviocusly explain the charge separation,
the electron density of each part was shown in Table 3.7. Electron density distribution of HOMO
state for N-CT2A is mainly located at the coumarin and the thiophene meoiety which are calculated
to be 50% and 42%, ‘respectively. For the LUMOs level, electron density distribution is mainly
located at cyanoacrylic acid which is calculated to be 36%. From these calculation results,
the excited electrons of N-CT2A trapsfers from the electron donor unit to the electron acceptor
uni¢t implying that the single excited state of these molecule could be cousidered as the
intramolecular charge transfer'a!ong the T-conjugated skeleton.

For the N-CT3A, the HOMOs level is a T otbital delocalized over the
donor and fi-spacer which the percentage contributions of coumarin are calenlated to be 40% and
55%. The LUMO level is 7+ orbital over mt-spacer and acceptor unit,. the percentage contributions
of cyanoacrylic acid which are calculated to be 36%. It_found that the excited electrons transfer
from the coumarin to cyanoacrylic acid. It is suggesting that the excited state of these organic dye
could be considered as the ICT along the T-conjugated backbone. Therefore, it is clearly
concluded that thiophene ring is suitable linker for improving the dye efficiency of organic dye
molecules. From the calculation results, the HOMG-LUMO gab of the dye N-CT2A and N-CT3A
were computed by using B3LYP/6-31G(d,p). The result:s are listed in Table 3.8. The energy gap
of N-CT2A was calculated to be 2.48 eV, while the enff'rgy gab of N-CT3A was calculated to be

2.30 V. The energy level of N-CT2A and NCT3A as shown in Figure 3.10 It is found that the
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HOMO-LUMO gap of N-CT3A is smaller than those of N-CTZA. The calculation study is

suggesting that increasing the number of the thiophene units decrease the HOMO-LUMO gap.

Figure 3.9 Frontier molecular orbital of N-CT2A and N-CT3A calculated by B3LYP/
6-31G (d,p) level of theory

Table 3.7 Summarizes the energies and character of frontier orbital of N-CT2A and N-CT3A

calculated by B3LYP/6-31G (d,p)

Molecular - Molecular percentage composition
Molecule
orbital Energy Donor thiophene Acceptor
N-CT2ZA LUMO -2.79 5 49 36
HOMO -5.27 50 a2 8
N-CT3A LUMO -2.82 7 58 36
HOMO -5.12 40 55 5

Table 3.8 The calculated HOMO-LUMO energy gap of N-CT2A and N-CT3A

Molecule AHOMO_LUMOE' (;eV) Expt.b {eV)
N-CT2A 248 2.24

)
N-CT3A 2.30 2.15

"Calculations are performed with B3LYP/6-31G (d,p) in gas phase.

l’Experimc—:ntai Apomo Lumo Estimated from the onset of the absorption spectra E, {eV) = 1240/A

onset

in dilute CH,CI, solution.
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Figure 3.1¢ Molecular orbital energy diagram of N-CT2A and N-CT3A

3.3.2.3 Absor_btion spectra

The investigation of D-m-A structure, the molecular structure and
excitation energy of the ICT states is an im'ﬁoﬁant point of discussion. Herein, theoretical
calculations were performed to study on the ground-state structures of all organic dye. TDDFT
calculations on a B3LYP/6-31G (d,p) level of theory show transitions with large oscillator
strengths consistent with the absorption spectrum. The absorption spectra of all compounds are

shown in Figure 3.11. Their optical characteristics are listed in Table 3.9.
The main absorption peak of N-CT2A and N-CT3A at 597.2 nm and
645.8 nim, that the absorption band could be attributed to the intram;:lecular charge transfer (ICT)
between the donor and the acceptor, which is consistent with the assignment to the transition from
the ground state (S) to the first singlet excited state (S,). The absorption spectra are slightly
red-shifted with the introduction of meore thiopheI?e units since the expansion of the

T-conjugation length.
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Table 3.9 The excitation energies, oscillator strengths, and fiolecular compositions for the 2

lowest states by TD-B3LYP/6-31G (d,p) (solvent)

Excitation
: Oscillator
Molecule  State energy Assignment Character
. strength ()
’ {eV, nm)
N-CT2A S — S, 2.08(597.2) 1.4287 H—> L (86%) CTt
S—>S, 2.83(437.6) H-1—>L(52%), CT,nn
. 0.4933
H—» L+1 (43%)
N-CT3A §,—> S, 1.92(645.8) 1.5817 H—> L (88%) cT
S,>S, 2.57(481.5) H-1->L(54%), CT,nn
0.7794
H—> L+1 (40%)
1.2310° - ' —N-CT2A
/\ |- = NCT3A
L0x10% )

8.0x10°

6.0x10*

4.0x10"

Absorption intensity

2.0x10"

6.0

T L] T * T T 1] T 11 L 13 d T T 2
36 400 500 GO0 740 80D 900 1600
Wavelength (nm)

Figure 3.11  Calculated absorption spectra of N-CT2A and N-CT3A by TD-B3LYP/6-31G(d,p)
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3.4 Conclusion

For the coumarin derivative, the molecular structure and electronic properties
were investigated. The structure of metal-free organic dyes containing of coumarin unit
{O-coumarin and N-coumarin) as electron donor, thiophene and phenyl as linker and cyanoacrylic
acid as electron acceptor. The influence of increasing thiophene units for improving the absorption
spectra of coumarin derivatives and the difference linker (thiophene and phenyl) were
investigated. Moreover, the effect of different donor between O-coumarin and N-coumarin, were
studied. We found that the optimized geometries, the T-T dihedral angle of inker in O-CT2A and
O-CT3A is smaller than the P-T dikedral angle in O-CTPA and O-CT2PA. From the calculation
results, the coumarin dyes with thiophene-thiophene linker is more coplanar than that of the
coumarin dyes with thiophene-phenyl linker. It is suggesting that the strong conjugated effects are
form. Moreover the calculated results by TDDFT were compared with the experimental data.
The calculation result is shown that the calculated data have the same tendency with the
experiment. Beside the calculated aﬁsorption spectra of O-CT2A exhibit red-shifted compared to
‘the absorption of O-CT1PA. It sﬁould be noted that improving conjugation system by the addition
of thiophene unit was more suitable than phenyl unit For the optimiéed geometry of N-coumarin is
coplanar structure similar to those of O-coumarin this coplanar may have directly affected better
electron injection via a smooth pathway from donor to acceptor moiety. The main absorption peak
of N-coumarin could be attributed to the intramolecular charge transfer (ICT) between the donor

and the acceptor the absorption bands arising from ICT slightly red-shifted.



CHAPTER 4

N, N-DIMETHYLAMINOPHENYL DERIVATIVES
4.1 Introduction

For the further development of highly efficient dye in DSCs, the dye must be designed
to absorb most of the radiation of sun light in visible and near-IR region to produce a large
photocurrent response. In addition, sﬁitabie energy level and location of HOMO and LUMO
orbital of the dye are required to matching I/1, redox potential and conduction band of the TiO,
semiconductor, respectively.

Another promising design strategy is replacement of coumarin unit with some other
electron donor. The conjugated organic dye sensitizer that have N,N-dimethylaniline moieties as
electron donor and a methine unit connecting with the cyanoacrylic acid group as the acceptor part
were developed for use in dye sensitized solar cells. A maximum 1 of up to 6.8% was attained
with dye based on NKX-2569 as shown in Figure 4.1. These molecules have simple structures
and strongly electron donating suggests that organic dye is promising for u'sé in DSCs in term of
the possibility of low cost production [41]. .

Moreover, Yang and co-workers developed the new N,N-dimethylaniline containing
thienothiophene D-ST aé T-conjugation systems and rhodanine acetic acid as electron acceptor.
This sensitizer showed good performance for DSCs and, especi.allﬁ, the DSCs based on D-ST
achieved a good conversion efficiency of 6.2%. Although an elongation would contribute to a red
shift in the absorption spectra, it would simultaneously cause two problems: it would complica'-ie
the synthetic produce, and second, it would decrease stability of the dye molecule due to the
possibility of isomer formation [42]. Since N-N,dimethylaniline-base dye have been widely
employed in DSCs but N-N,dimethylaniline dye containing thiophene have not been explored for
DSCs. The introduction of %-conjugated ring unit such zi‘s phenyl and thiophene of coumarin dye

expands of M-conjugation system and improve the stability of dye molecule

A
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Figure 4.1 N,N-dimethylaniline derivatives

Therefore, we are motivated to- theoretically investigate the ground-state and excited-state
electronic structures and optical properties of organic sensitizer for use in dye-sensitized solar
cells. In this work, we have investigated the effect of conjugated spacer on N, N-dimethylaniline
derivative by substitution different linker and increasing number of thiophene units namely PTPA,
PT2A, PT2PA and PT3A as shown in Figure 4.2 to study the intramolecular charge transfer,’
optical properties and. energy gab of the organic sensitizers. Knowledge of these series is useful

for foture improving the efficiency of organic dyes.

NG NG CdOH
PTPA PT2A
\ LN N(/:’ cood \ s. %\ S N(; COOH
.PTZPA PT3A

Figure 4.2 Sketch map structure of target molecule PTPA, PT2A, PT2PA and PT3A

4.2 Method

Te gain insight into the factor respdnsibﬁe for ithe absorption spectral, we perform DET
and TDDFT calculations on the ground state of organic dyes. The ground state structure of PTPA,
PT2A, PT2PA and PT3A were optimized by the DEFT r;lethod using the B3LYP functional with
6-31G (d,p) basis set. Electronic population of the HOMO and LUMO were calculated to show the

position of localization of electron populations along with the calculated molecular orbital energy
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diagram. The electronic absorption spectra require calculation of the allowed excitation and
oscillator strengths, these calculations were carried out using TDDFT with the same basis set and
exchange—correlation functional. The absorption spectra of all organic dyes were caleulated using
the Swizard program and the results were compared with the experimental data. Solvation effect
for dichloromethane was included by means of the conductor-like pelarizable continuum model
(C-PCM). IThis computational approach allows us to provide a detailed assignment of the excited
state involved in the absorption process. All calculations were carried out using the Gaussian 03

program package.

4.3 Results and discussion

The investigation of D-T-A structure, the molecular structure and excitation energy of
the ICT states is an important point of discussion. Herein, theoretical calculations were performed
to study on the ground-state structures of all organic dyes.

4.3.1 Optimized structulre

The structures- of organic dye used in this study are shown in Figure 4.2,
The optimize geometries of PTPA, PT2A, PT2PA and PT3A in the gas phase shown in Figure _4:3
by therDFTl method using the B3ILYP exchange—correlation function, with 6-31G (d,p) basis set
and the selected bond distances and dihedral angles are listed in Table 4.1.

We optimized the molecular structure in the gas phase obtaining the geometries
of dye with thiophene unit, T- T dihedral angle were calculated to be -5.70 degree and
-5.33 degree for PT2A and PT3A, respectively. It was found that the donor and acceptor moieties
are fully conjugated as demonstrated by the co-planarity of the aryl amine and cyanoacrylic acid
groups. When we replace the thiophene ring by phenyl ring, T-P dihedral angles were found to
be 15.57 degree and -13.81 degree for PTPA and PT2PA, respectively.

Since steric repulsion between the hydrogen atoms of thiophene and phenyl,
these units are not fully coplanar, i reveal that non plfi}nar structure affect to delocalization of
electron from donor to acceptor cannot smoothly w‘?z non planar T-spacer. From this the
investigated metal-free organic dyes exhibit coplangr conformation between the thiopheine group
of the T-conjugated linker. We believe that this coplanar molecular structure should imﬁrove the

electron transfer from the electron-donor to the electron-acceptor in these dyes molecule. We have
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also concluded that the T-conjugated chain can enhance the electron-transfer ability. Furthermore,

organic dye with a more planar -conjugated chain may have a better DSCs performance
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Figure 4.3 The optimize structure of PTPA, PT2A , PT2PA and PT3A by calculated by B3LYP/

6-31G (d,p) lével of theory .

Table 4.1 The selected inter ring distances and dihedral angles of PTPA, PT2A, PT2PA and

PT3A by B3LYP/6-31G(d.p)

Molecunle D-P P1-T1 Ti-T2 TP T2-T3 P-A
PTPA Dihedral (@) 7.29 -22.83 - 15.57 - 0.69
Distance () 138 146 . 146 . 1.44

PT2A Dihedral (@) -5.89 22.68 ~3.70 - - 0.29
Distance () 1.38 1.45 1.44 - - 1.42

PT2PA Dihedral (@)  -8.25 24.51 4.08 -13.81 - 0,18
Distance (r) 1.38 1.46 1.44 1.46 - 1.45

PT3A Dihedral (@)  -4.98 19.02 -5.33; - 1.60 -0.06
Distance (7) 1.38 1.46 1.44 144 144 1.42

Note: D is dimethylaminophenyl, P is phenyl, T is thfbphene, A is acceptor
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4.3.2 Electronic structure
To gain insight into the geometrical electronic structures of the dyes, molecular
orbital and density of state were caleulated by using B3LYP/6-31G (d,p) level of theory. The
frontier molecular orbitals of the dyes are shown in Figure 4.4. The calculated the HOMO and
LUMO and percentage contribution of frontier molecular orbital of PTPA, PT2A, PT2PA and
PT3A are llisted in Table 4.2. The calculated electron distribution shows favorable directionality
for inject electron from donor group to conduction band of the TiO, via the bridge and anchoring
group.
The electron density distribution of HOMO state for PTPA, PT2A, PT2PA and
PT3A is mainly located at the donor and the T-conjugated linker moiety. Electron density of
dimethylaneline in PTPA and PT2A are calculated to be 61% and 54% for HOMOs. The electron
density of thiophene in PT2A is larger than pheny! in PTPA that are calculated to be 39% and
35% for PT2A and PTPA, respectively, while at the LUMOs level, the percentage contributions of
cyanoacrylic acid are 6a!culated to be 52% and 44% in for PTPA and PT2A. From these results,
the excited electrons are shifted from the electron donor moiety to the electron acceptor unit
implying that the single excited state of these molecule could be considered as the intramolecular
charge transfer along the T-conjugated skeleton. Moreover, comparing between PTPA and PT2A,
the DOS calculations have been shown percentage contribution of linker in both dyes were
significantly different. These results confirm that adding phenyl rings affect to the T-spacer of
these organic dyes due to the dihedral between thiophene and phenyl ring were not coplanar and
therefore the ICT between phenyl rings cannot be induced as expe;cte.d leading to the reduction of
transferring electrons in anchoring group at the end. Thetefore, these results are clearly concluded
that thiophene ring is appropriate linker for improving the dye efficiency of our dye molecules.
Highly efficient DSCs require that the LUMO level of the dye molecules should
be above the conduction band edge of TiO, (E,,) to ensure an effective electron injection from the
dye molecules to the conduction band of the TiO, film and the HOMO level of the dye should be
below the redox potential of I/1, to ensure the regeneratic:m of dye molecules. The calculated Ay
of PTPA, PT2A, PT2PA and PT3A is2.56, 2.48, 2.34: and 2.26 eV, respectively, as listed in

Table 4.3, f
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FIPA

PT3A

Figure 4.4 Froatier molecular orbital of PIPA, PI2A, PT2PA and PT3A calculated by

B3LYP/6-31G (d,p) level of theory

Table 4.2 Summarizes the energies and percentage contribution of frontier orbital of PTPA,

PT2A, PT2PA and PT3A calculated by BALYP/6-31G (d,p)

Molecular Molecular percentage composition

Molecules
orbital Energy (eV) Deonor Linker  Acceptor
LUMO -2.51 4 - . 44 52
PTPA ‘
HOMO -5.07 61 35 4
LUMO -2.61 5 52 44
PT2A
HOMO -5.09 54 39 7
LUMO -2.60 1 51 47
PT2PA
HOMO -4,93 i 48 50 2
LUMO -2.69 .2 60 38
PT3A

HOMO -4.94 o 43 52 4
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The HOMO of PT2PA and PT3A is destabilized and LUMO is stabilized as
compared to PTPA and PT2A. From the results, the HOMO-LUMO gab of PT2PA and PT3A
is reduced due to increasing of the conjugation length. Furthermore, the results also indicate that
the electronic structures of PTPA and PT2PA are very similar to PT2A and PT3A, but the
HOMO-LUMO gap of PTPA and PT2PA is larger than those of PT2A and PT3A respectively.
These results are found that substituent has remarkable influent on the LUMO level but a small
effect on the HOMOQ. The LUMOs of PTPA and PT2PA with phenyl group are destabilized by
0.09-0.10 ¢V compare to the corresponding PT2A and PT3A.

The energy diagram 6f PTPA, PT2A, PT2PA and PT3A as shown in Figure 4.5.
It was found that LUMO level of the PT2A and PT3A dye was closer the conduction band edge of
TiQ, (E,,) than those of PTPA and PT2PA respectively suggesting that the excited electrons are
injected into semiconductor. On the other hand the HOMO level of all organic dye suitably
located under the redox potential that is appropriated for donation of electron from the /1, redox
couple in the electrollyte solution. . This showed that extension of linker by introduction of
thiophene unit improve both the efficient electron injéction from excited dye to the conduction

band edge of TiO, (E,,} and regeneration process in DSCs.

Table 4.3 The calculated HOMO-LUMO energy gap of PTPA, PT2A, PT3A and PT2PA

Molecules A orormvo (€V) Expt.'(eV)
PTPA 234 S 2.13
PT2A 2.26 1.99
PT2PA 2.18 2.33
PT3A 2.01 N.A.

‘Calculations are performed with B3ILYP/6-31G (d,p) in CH,CI, solution using Conductor-like
Polarizable Continuum Model (C-PCM) “

+

hExperimental Ayiomorumo estimated from the onset of the absorption spectra E, (V)= 1240/4

in dilute CH,Cl, solution s

onsct
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Figure 4.5 Molecular orbital energy diagram of PTPA, PT2A, PT2PA and PT3A

4.3.3 Absorption spectra

TDDFT calculations on a B3LYP/6-31G (d,p) level of theory show transitions
with large oscillator strengths consistent with the absorption spectrum. The UV-vis absorption
spectra of all compounds are listed in Table 4.4. Their optical characteristics are shown in
Figure 4.6, the main peak of lPTPA, PT2A, PT2PA and PT3A is 586.6 nm, 610.8 nm, 651.7 nm
and 694.7 am, respectively. The organic dyes exhibit intense absorptions at around 587-698 nm
that thié band could be attributed fo the electronic transition delocalized throughout the whole
molecule with a charge-transfer character, which is consistent with the assignment to the transition
from the ground state (8,) to the first singlet excited state (S,). Since the charge transfer
absorption bands are very sensitive to the solvent polarity, we also measured the absorption in the
solvent.

As depicted in Figure 4.6 the main peak at 586.6 nm and 610.8 nm for PTPA
and PT2A respectively. The absorption spectra show that the calculated absorption spectra of
PT2ZA with thiophene are red-shifted with respect to al;sorption spectra of PTPA with phenyl.
Since thiophene-thiophene linker has smaller dihedqéd angle than thiophene—phenyl linker.
The calculated results have the same tendency w?th the experiment. Moreover, the calculated

absorption spectra of PT3A exhibit red-shifted compared to the absorption of PT2A due to
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increasing the conjugation length, The sensitizer wouid’éxf)and the conjugation in the dye

resulting in the wide absorption in the visible region. It should be noted that improving

conjugation system by the addition of thiophene unit was more suitable than phenyl unit.

Table 4.4 The excitation energies, oscillator strengths and molecular compositions for the lowest

states by TD-B3LYP/6-31G (d,p) (solvent)

Excitation
_ Oscillator
Molecules  State energy Assignment Character
strength (/)
eV, nm)
PTPA S,—>S, 2.11(586.6}) 1.0215 H—> L (89%) CT
H-1 —> L (79%), .
S, S, 3.18(390.2) 0.7382 CT, n-n
H—>L+1(13%)
PT2A S;—> Sl. 2.03(610.8) 1.1328 H—> L (85%) CT
_ H-1—> L(78%), .
S S, 298(415.7) 0.5756 Cl,nn
H—> L+1 (12%)
PT2PA  S—> 8, 1.90(651.7) 1.06206 H—> L (160%) CT
H'l _.% L (86%): L3
S;—> S, 2.73(454.7) 0.9268 CT, -1
H—> L+1 (13%)
PT3A S, 85, L78{(694.7) 1.1477 H—> L{100%) CT
H-1-> L (89%), .
S;—> S, 2.58(480.6) 0.7822 CT, t-m

H—>1+1(10%)
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4.4 Conclusion

We have investigated the effect of conjugated spacer on N, N-dimethylaminophenyl
derivative by substitution difference linker and increasing number of thijophene of the organic
sensitizers. Knowledge of these series is useful for future improving the efficiency of organic
dyes. The calculation results shown that optimized geometries of dye with thiophene unit, T-T
dihedral angle more planar than those of dye with phenyl unit. Furthermore the apsorption spectra
dyes with thiophene-thiophene linker is more red shift than that of the dyes with thiophene
- phenyl linker. The sensitizer would expand the conjugation in the dye resulting in the wide
absorption in the visible region. It should be noted that improving conjugation system by the

addition of thiophene unit was more suitable than phenyl unit.



CHAPTER 5
CABAZOLE-FLUORENE DERIVATIVES

5.1 Introduction

Because of the strong emission and absorption properties, carbazole and their
derivatives have been exploited as electroluminescent, non-linear optical (NLO) and
photorefractive materials. The hole-transporting capability has been explored in OLEDs and,
moreover, the wide band gap of car.bazole has been utilized in constructing photovoltaic devices.
Nagatoshi Koumura and co-worker designed and sensitized organic sensitizer based-on carbazole,
MEK1, MK2 and MK3, for application in dye-sensitized solar cells. It was found that the maximum
value of 7.7% was obtained with the DSCs based-on MK-2 sensitizer show in Figure 5.1[43].

Moreover, Samuel G. Awuah and coworker report the synthesis, photophysical,
eIectrochémical and theoretical bropertics of novel pyran-based organic dyes (D1, D2, and D3)
show in the‘Figure 5.1 as well as their applications in DSCs for the first time [44]. The designed
dyes possess a cyanoacrylic acid group as an acceptor and arylamine group as a donor group in

a D-1-A configuration.

Figure 5.1 Sketch map structure of molecule MK-2, DD1,"D2 and D3
1
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The introduction of varying donor groups r;su-lted in correspondingly different

photophysical and electrochemical properties. The DSCs fabricated using dye D1 shown

the highest photovoltaic performance with the overall conversion efficiency is 2.17%.

The synthesized dyes with a pyran chromophore and arylamine donor groups showed potentials
for applications in DSCs,

In this chapter, theoretical calculations were performed to siudy the ground-state

structures and optical properties of carbazole-fluorene derivatives, The series of metal-free

organic dyes containing carbazole act as electron donor, fluorene, phenyl and pyran act as linker.

The influence of different acceptor, acrylic acid and cyanoacrylic acid were investigated.

T2

Figure 3.2 Sketch map structure of target molecule TK1 and TK2

5.2 Method

¢
B

To gain insight into the factor responsible for'the absorption spectral, we perform DFT
and TDDFT calculations on the ground state of organic'dyes. The ground state structure of TK.1

and TK2 were optimized by the DFT method using the B3LYP exchange—correlation function



64

with 6-31G (d,p) basis set. Electronic population of the HOMO and LUMO were calculated to
show the position of localization of electron populations along with the calculated molecular
orbital energy diagram. The electronic absorption spectra require calculation of the allowed
excitation and oscillator strengths, these calculations were carried out using TDDFT with the same
basis set and exchange-correlation functional. The absorption spectra of all organic dyes were
caiculatedl using the Swizard program and the results were compared with the experimental data.
Solvation effect for dichloromethane was included by means of the conductor-like polarizable
continuum model (C-PCM). This computational approach allows us to provide a detailed
assignment of the excited state invdivéd in the absorption process. All calculations were carried

out using the Gaussian 03 program package.

5.3 Results and discussion

In the investigation of D-mi-A systems, the molecular structure of the ICT states is an
important point of discussion. Herein, theoretical calculations were performed to study
the grouﬂd—state structures of carbazole-fluorene dye.

5.3.1 Optimized structure

We optimized the geometries of TK1 and TK2 in the gas phase obtaining the
geometries shown in Figure 5.3 and the selected bond distances and dihedral angles are listed in
Table 5.1. The dihedra! angle of TK] and TK2 dyes was determined C-F dihedral angle were
calculated to be -54.03 degree and -54.72 degree, respectively: The T-A dihedral angle are
calculated to be -0.18 degree and -0.01 degree. We found that the cyanoacrylic acid group was
located to be coplanar with the thiophene. From the calculated results indicating that the linker
and acceptor moieties are fully conjugated as demonstrated by the co-planarity of the linker and

acceptor groups.
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Figure 5.3 The optimize structure of TK1 and TK2 calculated by B3LYP/6-31G (d,p) level

Table 5.1 The sclected bond distances and dihedral angles of TK1 and TK2 by B3LYP/

6-31G (d.,p)

Molecules ' CF ¥P PE EPy Py-E ET TT T-A

TK1 Dihedral (@)  -54.03 -34.67 -0.62 293 279 -079 190 -0.18

Distance {r) 1.42 148 146 144 145 143 143 144
TK2 Dihedral (@) 5472 -3490 -146 -250 214 032 072 -0.01

Distance (r) 142 148 146 144 . 145 144 143 143

Note: C is Carbazole, F is Fluorene, P is phenyl, E is ethane, Py is pyran, T is thiophene,

A is acceptor

5.3.2 Electronic structure
To gain insight into the gecometrical eleé:tronic structures of the dyes, molecular
orbital and density of state were performed by using‘ B3LYP/6-31G (d,p) level of theory.
The frontier molecular orbitals of the TK1 and TK2 dyes are shown in Figure 5.4 (a) and 5.4 (b).
The HOMO level, LUMO level and percentage contribution of frontier molecular orbital TK1 and

TK2 are listed in Table 5.2.
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Table 5.2 Summarizes the energies and percentage contribnition of frontier orbital of TK1 and

TK2 calculated by B3LYP/6-31G{(d, p)

Molecular percentage compaosition
Molecular Ay
Molecules Energy
- orbital Cbz Flu-Phe Py Thio Cyn
' (eV)
LUMO -3.07 0 2 44 43 12
TK2 -2.09 :
HOMO -5.17 80 19 1 G 0
LUMO -3.40 0 0 28 47 25
TK2 -1.78
HOMO -5.20 80 19 1 ] 0

Note: Cbz is Carbazole, Flu is Fluorene, Phe is phenyl, Py is pyran, Thio is thiophene, Cyn is

acceptor

Table 5.3 The calculated HOMO-LUMO energy gap of TK.1 and TK2

Molecute Ayovoromo (€V) Expt.’(eV)
TK1 . 2.10 2.14
TK2 1.77 2.16

*Calculations are performed with B3LYP/6-31G {d,p) in gas phase

1’Experir:wntal A ovoume €Stimated from the onset of the absorption spectra (E, (eV) = 1240/3,

‘onset

in dilute CH,Cl, solution

The HOMO is a delocalized 7 orbital over the carbazole and fluorene unit while
the LUMO is m+ orbital that localized in pyran unit, thiophene unit and cyanoacylic unit. As list in
Table 5.2 electron density distribution of HOMO state fc:)r TK1, electron density of carbazole and
fluorene are calculated to be 80% and 19%. While at the LUMO level, the electron density of
pyran and thiophene in TKI are calculated to b6$.44°/‘0 and 43%, respectively. The percentage

contributions of cyanoacrylic acid are calculated to be 12%.



67

For the TK2, at HOMO level is a delocalized 7 orbital over the donor and
w-spacer, while the LUMO level is ®* orbital that localized in 7-spacer and acceptor umit,
The percentage contributions of electron density of carbazole and fluorene are calculated to be
80% and 19%. While at the LUMO level the electron density of pyran and thiophene in TK1 are
calculated to be 28% and 47%, respectively. The percentage contributions of cyanoacrylic acid are
calculated.to be 25%. These results indicate that electron density on cyanoacrylic acid unit of TK2
dye more than electron density on acrylic acid of TK1 dye. It is suggesting that TK2 dye might be
easier injecting electron from acceptor to the conduction band of TiO, providing higher efficient
electron injection.

The energy gab of TK1 without CN was calculated to be 2.09 eV. While the
energy gab of TK2 with CN was calculated to be 1.79 €V. The HOMO-LUMO gap of TK2
is smaller than those of TK1 indicting that difference acceptor affect to the HOMO-LUMO gap.
The results are listed in Table 5.3 which clearly indicating that the energy gabs of dye is décreased
when CN was introﬁuced in to dye molecule. The one property which indicates a good
dye-sensitizer is that the LUMO of dye should be located above and closed to the conduction band
of TiO,. The energy levgl diagram of TK1 and TK2 are shown in Figure 5.4. The LUMQO level of
TK2 with cyanoacry]ic'.acid as anchoring group are closer to the conduction band of TiO, than
TK1 which have acrylic acid as anchoring group. These can be explained that the strong
withdrawing CN group has ability in lowering LUMO level. The results also imply that TK2
" would have suitable property for injection of electron from excited dye to conduction band of

semiconductor TiO,.
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=200

Figure 5.5 Molecular orbital energy diagram of TK1 and TK?2

5.3.3 Absorption spectr.a

TDDFT calcufations on a B3LYP/6-31G (d,p) level of theory show transitions
with large oscillator strengths coﬁsistent with the absorption spectrum. The UV-vis absorption
spectra of all compounds are shown in Figure 5.6, Their optical characteristics are listed in
Table 5.4. The main absorption peak of TK1 and TK?2 is 542.5 nm and 560.7 nm, respectively.
The absorption spectra show that the calculated absorption spectra of TK2 with cyanoacrylic acid
are red-shifted with respect to absorption spectra of TK1 with acrylic acid. These suggest that the
dyes containing cyanoactylic acid group as acceptor promise a better property since it is beneficial

for absotbing the longer-wavelength light than TK1
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Table 5.4 The excitation energies, oscillator strengths and molecular compositions for the lowest

states by TD-B3LYP/6-31G (d,p) (solvent)

Excitation
Oscillator
Mofecules State energy Assignment Character
' strength (f)
{eV, nm)
H-1 —> L (73%),
TK1 S8, 2.29(542.5) 1.6468 cT
H > L+1(7%)
H —> L+1 (87%) )
S8, 248(500.3) 0.6230 -1
H-1 —> L (6%)
H-3 —> L (76%),
TK2 S, S, 2.21(560.6) 1.5163 H-2—>1 (37%), CT, m-m
H—> L+1(6%)
H-2 —> L (84%), .
S;—>S, 225 (551.2) 0.2780 CT, n-n
H-1—> L (9%)
1.8x10°
l.ﬁst-. TKI
. s ] - = 2
1.4x10°
1.2xt0’
3? p
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Figure 5.6 Calculated absorption spectra of TK1 and TK2 by TD-B3LYP/6-31G (d,p)
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5.4 Conclusion

For carbazole-fluorene derivatives, the influence of different acceptor, acrylic acid and
cyanoacrylic acid were investigated. From the calcnlation results, we found that the acrylic and
cyanoacrylic acid group was located to be coplanar with the linker, It is indicating that the linker
and acceptor moieties are fully conjugated as demonstrated by the co-planarity of the linker and
acceptor. The absorption spectra of the dye with difference acceptor show that the calculated
absorption spectra of TK2 with cyanoacrylic acid are red-shifted with respect to absorption spectra
of TK1 with acrylic acid. These suggest that the dyes containing cyanoacrylic acid group as
acceptor promise a better property since it is beneficial for abserbing the longer-wavelength Tight

than the dyes containing cyanoacrylic acid group.



CHAPTER 6

COMPARISON OF COUMARIN, N, N-DIMETHYLAMINOPHENYL

AND CABAZOLE BASED DYES

One of the most significant aspects in the development of dye-sensitized solar cells

(DSCs) is the exploration and design of high-efficiency and low-cost dyes. In this chapter, we

have reported a theoretical study of the structure and electronic properties of organic dyes with

different donors.

6.1. Coplanarity of the D-Tt-A structure

To afford deeper insight into the geometrical and electronic properties of the dyes, the

geometries of the molecules were optimized using density functional theory (DFT) with the

B3LYP /6-31G(d) method as implemented in the Gaussian 03 program package. We selected the

best dye form each series to represent coumarin, N, N-dimethylaminophenyl and cabazole based

dyes, respectively as shown in Figure 6.1.
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Figure 6.1 The optimize structure of O-CT3A, N-CT3A and

6-31G(d,p) E

0.CT3A

N-CT34

PT3A

PT3A by calculated B3LYP/
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O0-CT3A

PT3A

Figure 6.2 The optimize structure of O-CT3A, N-CT3A and PT3A by calculated B3LYP/
6-31G (d,p)

Table 6.1 Selected inter-ring distances (A) and dihedral angles {°) of O-CT3A, N-CT3A and
PT3Acalculated by B3LYP/6-31G (d,p) calculations

Molecufes C-T Ti-T2 T2-T3 T1-P T-A

Dihedral () 3.51 -9.94 3.659 - -0.28
O-CT3A .

Distance () 1.46 1.44 1.44 - 1.42
Dihedral () 1.6 -7.51 112 . - 021

N-CT3A :
Distance () 1.46 1.44 1.44 - 1.43
Dihedral (@) -4.98 19.02 -5.33 1.60 -0.06

PT3A

Distance () 1.38 1.46 144 1.44 1.42

C is coumarin, T is thiophene, A is accepior

The optimize structure of Q-CT3A, N-CT3A and PT3A display in Figure 6.2 the
selected bond lengths and dihedral angles are listed in Table 6.1. The dihedral angle between C-T
in O-CT3A, N-CT3A and PT3A are 3.51, 1.65 and -4.98 degree respectively., The calculation
results show that the dihedral angle between donor and linker is coplanar. Moreover, T-A dihedral

angle are found to be 0.06-0.20 degree indicating the cyanoacrylic acid group was located to be
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coplanar with the thiophene. From the results, we found that the donor and acceptor moieties are
fully conjugated as demonstrated by the co-planarity of the donor, linker and acceptor.
No significant geometrical changes were found upon all of the dye molecules, indicating that all
dyes the aromatic rings of the bridge between donor linker and the anchoring groups do not
deviate_from planarity. The perfection of the donor planarity is supposed to enhance the
n—conjugalted effect of the entire molecule and consequently improve the performance of organic

dye as a sensitizer.

6.2 Intramolecular charge transfer

To gain insight into the geometrical and electronic structures of three dyes, molecular
orbital and density of state were performed by using B3LYP/6-31G (d,p) level of theory.
The frontier molecular orbital of the dyes are shown in Figure 6.3. The calculated the HOMOs
level, the LUMOs - level and percentage contribution of frontier molecular orbital of
O-CT3A, N-CT3A and PT3A are listéd in Table 6.2.

| From the calculatioﬁ results, it can be seen that the HOMO level is a delocalized
T orbital over the donor and linker vnit, whereas the LUMO level is ﬂ“f";)rbital which m-electron
was localized in linker and acceptor group. Therefore, this distribution of the HOMO and LUMO
is separated in the donor and acceptor part of compounds, indicating that the HOMO—LUMO
fransition can be considered as an intramolecular charge transfer (ICT) transition. To obviousty
explain the charge scparation, the electron density of each part was shown in Table 6.2 Electron
density distribution of HOMO state for O-CT3A, N-CT3A and PT3A is mainly located at the
donor which is calculated to be 25%, 40% and 43% and the thiophene moieties are calculated to
be 68%, 55% and 52%, respectively. These results indicate that the electron density of HOMO is
mainly located on donor part. For the LUMOs level, the percentage contributions of cyanoacrylic
acid are calculated to be 36%, 36% and 38% for O-CT3A, N-CT3A and PT3A, respectively,
which is mainly delocalized on acceptor part. From these‘; results, the excited electrons are shifted
from the eléctron donor moiety to the electron acceptor ﬁnit implying that the single excited state
of these molecules could be considered as the intramiolecular charge transfer from donor to

acceptor along through the T-conjugated skeleton.
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In support of the assertion of charge transfer in Figure. 6.4 depicts the differential
charge densitics between the ground and excited state. The electron density difference map gives
a visualization of electronic réarrangement for a transition, with red regions denoting an increasing
of density and green regions representing a decreasing of density upon excitation. These plots
have been generated using GaussView 3.0. As depicted in Figure. 6.4, the density decreasing
{(green) iskmostly located on the donor and linker unit. This finding is consistent with a strong
donor character of the O-coumarin, N-coumarin and N, N-dimethylaniline, On the other hand, the
regions of density increment (red) look more localized on the acceptor moiety.

This is expected to facilitate the charge separation of the dye sensitizer upon photoexcitation [45].

Table 6.2 Summarizes the energies and character of frontier orbital of -CT3A, N-CT3A and

PT3 calculated by B3LYP/6-31G (d,p)

Molecular Molecular percentage composition

Molecule :

orbital Energy (eV) Donor Linker Acceptor

LUMO -2.80 7 58 36
O-CT3A E

HOMO -5.12 25 68 7

LUMG -2.82 7 58 36
N-CT3A

HOMO -5.12 40 55 5

' LUMO -2.69 -2 60 38
PT3A

HOMO -4.94 43 5 4
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d Ny

Figure 6.3 Frontier molecular orbital of O-CT3A, N-CT3A and PT3A calculated by B3LYP/

6-31G (d,p)

N-CT3A

PT3A

Figure 6.4 The charge density difference of O-CT3A, N-CT3A and PT3A calculated by
B3LYP/6-31G {d,p). The contour thresholds for molecular orbitals and density
differences are 0.02 and 0.0004 a.u., respectively. The yellow and blue colots

indicate a decrease and increase of charge densities, respectively.

£

6.3 Energy Gap y

The energetic alignment of the HOMOYand LUMO energy levels is crucial for an
efficient operation of the dye in DSSCs. To ensure efficient electron injection from the excited
dye info the conduction band of TiO,. The LUMO level must be higher in energy than the

conduction band edge. The HOMO level of the dye must be lower in energy than the redox
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potential of the LI, redox couple for cfficient regeneration of the dye cation after photoinduced
electron injection into the TiQ, film. The calculated HOMO-LUMO energies follow the trends as
found by electrochemical analysis and are listed in Table 6.3. The schematic energy levels of
O-CT3A, N-CT3A and PT3A are shown in Figure. 6.5.

- For comparison, dyes comprising the N,N-dimethylaniline group have
signiﬁcanély lower HOMO-LUMO gaps. The LUMO of three dyes are more negative than the
conduction band of TiO,, indicating that the electron injection process from the excited dye
molecule to TiO, conduction band is encrgetically favorable. From the calculation results are
worth noting that the HOMO energy Eével of PT3A is more positive than redox potential refative
to O-CT3A and N-CT3A, indicative of the more significant driving force for the reduction of the
oxidized dye. These findings denote that the d N,N-dimethylaniline donor in PT3A dye could

enhance the driving force for the reduction of the oxidized dye, thus making the device

performance of PT3A superior to that of O-CT3A and N-CT3A.

-200— LUMO

«§42 44

1

-S43

Energy (V)
g
|
|
!

HOMOQ

Figure 6.5 Frontier molecular orbital of O-CT3A, N-CT3A and PT3A calculated by B3LYP/
6-31G (d,p)
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Table 6.3 The calculated HOMO-LUMO energy gap of O-CT3A, N-CT3A and PT3A

Molecule Asomoromo (€Y) Expt.’(eV)

O-CT3A 2.31 2.38

N-CT3A 2.30 2.15
PT3A 2.26 2.01

"Calculations are performed with B3LYP/6-31G (d,p) in gas phase.
"Experimental Ayomorimo estimated from the onset of the absorption spectra E, (eV) = 1240/},

'onset

in dilute CH,Cl, solution.

6.4 Light Harvesting Efficiency

The UV-vis absorption spectra of all dyes are shown in Figure 6.6. The calculated
maximum absorption' wavelengths, oscillator strengths (), light harvesting efficiency (LHE),
and electmnic transition of O-CT3A, N-CT3A and PT3A are summarized in Table 6.4.
All dyes absorb strongly in the région between 320 and 550 nm with a broad maximum between
430 and 520 nm. The strong absorption peak of O-CT3A, N-CT3A and PT3A at 605.7nm,
645.8 nm and 694.7 nm, that the absorption band could be attributed to the intramolecular charge
transfer (ICT) between the donor and the acceptor, which is consistent with the assignment to the
transition from the ground state (S,) to the first singlet excited state (S,). Notably, the absorption
of PT3A red shift compared to O-CT3A and N-CT3A. Therefore, from the result assume that the
introduction of N, N-dimethylaniline slightly increases the M-conjugation.  Among these
photosensitizers, due to strong ¢lectron donating ability of the diphenylamine unit, the PT3A dye
with the N, N-dimethylaniline electron donor presents the longest maximum absorption wavelength
which is an advantageous §pectral property for light harvesting of the solar spectrum. Moreover,
the infivence of different electron donors affect to the lifght harvest capacity of the organic dye.
The light-harvesting efficiency, LHE, related to the oscélfator strength (f) at a given wavelength is
derived from the reciprocal absorption length via equationi 57

b

¢
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LHE=1-10" - (57)

The f is also in the same trend with the molar extinction coefficient, i.e.
O-CT3A and N-CT3A have similar £ and larger than that PT3A. The LHE factors are favorable
for high electron injection efficiency from the excited states to the TiO, conduction band and high
photocul;:en’t response. For PT3A dye, the least LHE factor (< 0.9263) might affect to the light
harvesting electron injection efficiency from the excited state to the conduction band of TiO,.

From these results, PT3A has extended the absorption range into the near-IR region.
However the light harvesting efficiency of PT3A dye is smaller than those of O-CT3A and
N-CT3A, therefore the decreasing LHE paramster might affect to lower energy conversion
efficiency of DSCs applications. We can conclude that N-CT3A is expected to be a promising dye

with desirable energetic and speciroscopic parameters in DSCs field [46].
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Figure 6.6 Calculated absorption spectra of O-C13A, N-CT3A and PT3A by B3LYP/6-31G (d,p)
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Table 6.4 The excitation cnergies, oscillator strengths and molecular compositions for the 2

lowest states of 0-CT3A, N-CT3A and PT3A by TD-B3LYP/6-31G (d,p)

light
Excitation Oscillator
harvesting
Molecules  State energy strength Assignment Character
' efficiency
{eV, nm) h]
(LHE)
S;—>S, 205(6057) 1.7186 H—>L@%)  CT,umw
O-CT3A | 0.9809  H—> L+1 (68%), ,
S,—> S, 2.73(4549) 04716 CT, n-n
H-1 = L{27%)
S,—>S, 192(645.8) 1.5817 H—> L (88%) CT
N-CT3A 0.9738 H-1 —> L (54%), .
S,—> S, 2.57(481.5) 07794 CT, n-m
H —> 1+1 (40%)
Se—> 8, 178(694.7) 1.1477 H —> L (100%) CT

- 0.9288  H-1—> L (89%), .
So—) S, 2.58 (480.6) 0.7822 CT, n-m
H—> L+1{10%)

PT3A

6.5 TiO, adsorption

To gain insight into the electron injection capability of dyes, the adsorption of dyes on
the (TiO,),, cluster was performed with DFT calculations using D.Moll3 program [57] in Materials
Studio version 5.5. The structure of (Ti0,),, was comprised of 38 TiO, units which modeled
a TiO, nanoparticle, as in Jungsuttiwong’s teport. The (Ti0,),, configuration was fully optimized
using the generalized gradient-corrected approximation (GGA) method. The Perdew-Burke-
Ernzerhof (PBE) [48] functional was used to account exchange-correlation effects with DNP basis
set. The core electron was treated with DFT—sem|icore Pseudopotentials (DSPPs) [49].
After optimization, the adsorption energies (E,,) of dyes on the (Ti0,),, cluster were obtained

!

using the equation 58 ‘

¥

Eads = By, + E 110 — Bye v i (58)
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where E;  was the total energy of isolated dye, E,, was the total energy of (TiO,),, cluster, and

E , was the total emergy of dye-(Ti02)38 complex. Following the above expression,

dye + TiO
the positive value of Eads indicated a stable adsorption [50].
The optimized structures of dye-TiO, adsorptions are shown in Figure 6.7 and the

important optﬁrﬂzed bond length and adsorption energy (E_, ) are listed in Table 6.2. The bond

ads
distances between 5¢-Ti and O atom of dyes were calculated to be 1.97 A and 2.19 A for O-CT3A,
2.24 A and 2.23 A for N-CT3A, and 2.03 A and 2.36 A for PT3A. The adsorption energy (E,,)
was calculated o be 19.23 keal/mol, 20.43 kcal/mol and 23.45 keal/mol for O-CT3A, N-CT3A
and PT3A respectively. This suggests a slightly stronger binding of the dye complex. This could

be a contributing factor to the better performance of O-CT3A, N-CT3A and PT3A.

O-CT3A N-CT3A PT3A

Figure 6.7 Structure of O-CT3A, N-CT3A and PT3A adsorbed on (TiO,),, surface by

Dmol3 calculation
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Table 6.5 Selected bond length {A) and adsorption energy (keal/mol) of O-CT3A, N-CT3A and

PT3A complex calculated by Dmol’ calculation

Esds
Dyes Ti-O1 Ti-02
{kcal/mol)
0-CT3A 1.97 2.19 19.23
N-CT3A 2.24 2.23 2043

PT3A 2.18 219 23.45
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ROUTE KEYWORDS FOR CALCULATION IN THESIS

ON GAUSSTAN{3 PROGRAM
Geometry optimization calculation
Grouz;d state:
# opt b3lyp/6-31G(d,p)
Excited state:
# opt cis=(direct, root=1)/6-31G(d,p)
Excitation energy, absorption wavelength and emission wavelength calculation
TDDFT:

# td=(nstates=10,singlet) b3lyp/6-31G(d,p)

Solvent

# opt b3lyp/6-31G (d,p) scrf=(cpcm,solvent=dichloromethane)

Density of state (DOS)

# rb3lyp/6-31G (d,p) pop=full iop(3/33=1,3/36=-1)



HOMO-LUMO GAPS CALCULATION

1. Open .log/.out file with Notepad Program

2. Find the last Alpha occ. and the first Alpha virt. Eigenvalues

Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alphia

oce.
occ.
occ,
ace.,
occ.
oce,
virt.
virt,

Alpha virt,

Alpha
#ipha

vire,
vfr;.

éigenvalues -~  -0.42644
eigenvalues --  -0.40038
¢igervalues -- -0, 38175
elgenvalues -~ -0, 35988
eigenvalues --  -0.31808
eigervalues -~  -0.25998
eigenvalues -~ [-0,08996
eigenvalues -~ U.UIS

eigenvalues -~ 0,07105
eigenvalues -~  (.10883
eigenvalues ~-  0.15582

3. Calculate A, using below equation

A= HOMO-LUMO

1l

-0.09996 - (-0.18295)

i

0.08299 a.u.

-0.42314
-0, 39824
-0.37516
~0. 34674
-0.29770
-0, 25557
-0, 04689
0.02010
0.08593
0.12021

0.08299x 27211383 2.25 eV

~0,41762
-0, 39525
-0, 37285
(. 34119

-0, 28330

-0,21951
-0, 00635
0.02792
0.09099
0.12812
0.16176

-0. 40863
-0, 39187
-0. 36965
-0, 33127

(] ;

-0, 18293

-0, 00203
0.04080
0. 09306
0.13382

-----

Alpha virt. eigenvalues - Alpha oce. eigenvalues

-0,40356
-0. 38847
-0. 36487
-0. 32607
~0. 26307

0.00335
0.06370
0.10318
0.14487
0.16597
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The gecmetries aﬁd energics of organic dye sensitizers for dye sensitiza solar cells were
Investigated by using density functiosal theory {DFF). The ground state structures of organic dyes
were optimized at B3LIYP/6-31G (dp} level, as implement in Gaussian 03 program. The first excitation
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Abstract: In this study, the structures and entrgetic
properties of coumarin derivatives forming D-m-A systenn
s the orgaaic dye in dye-semsitized solar cells {DSCs)
were Investiated. The conjugated metal-free organic dye
have been constructed based on different clectron denor .
N-coumarin .and O-coumarin, connected to thivphene
unit as linker and introduce cyanoacrylic acid as
anchoring group. Density fanctional theory (DFT) and
Time — dependent density funtional theory (TDDFT)
calculations lave been perfortied on the organic
sensitizers to gain insight into thelr steuctural, clecironic,
andt optical propertics. The ground state structare were
optimized by DFT at the BILYP/6-31G {d,p) tevel, as
impl ated  in Guassi 03 program, The first
cxcitation energies (Ey) and maximal sbsorption
wavelengths of organic dyes were performed by TDDET
at the same optimdzed basis st The optimized structure
shews that the cyaneserylic acid group Is coplanar with
respect to the thiophene unit, reflecting the strong
conjugation across the thlophene —cyansacrylic acid
group. These results reveal that intrumolecular charge
transfer iakes place through the donor coumiaria o the
linker and anchoring greap. Furthermore, our results
peint out that the dyewith MN-coumarin as donor
potentially huproved performance of solar cell efficiency
compared fo O-counsarin dye, The good agreement
between the experimentaf and TDDFT caltutated
abserptien gpecira of these sensitizors alowed us ty
provide a detail assessment of the main spectral feature
of a series of dye sensifizers. These results provided
useful information for the wsolecalar engineering of
efficitnt organic sensitizer,

-_L. Introduction

Dye-sensitized solar coil has been intensively
studied as an alternative to the conventional solar cell
because of its high photoclectric conversion cfficiency,
simple assomble technology and potential low cost.
The ruthenium complexed photosensitizers sush as the
N3 and N719 compounds show a solar energy to
electricity conversion efficiency of 10% or average.
However, ruthenium complex dyes are 1ot suitable for
cost-cffcctive  and  environmentally  friendly
photovoltaic system, because ruthenium is a rare and
expensive metal, which limits the potestially wide
application of these complexes. Due to this, metal free
sensitizers are being investigated as  alternative

sensitizers for dye-sensitized solar cells (DSC)
applications,

Organic dyes have two major advantages in DSC.
One is the high molar extinction cocfficient for the
organic dye due 10 its much higher oscilfator strengths
then those of metal compiexes, Another advantage is
that no nobdle metal kike ruthenium is concerned in
organic dye, this reduces the overall cost of the cell
produgtion. For further development of highly efficient
dyo in DSC the dye must be designed to absorb most
of the radiation of sun light invisible and near — IR
region to produce a large photocurrent response. In
addition, suitable energy fevet and location of HOMQ
and LUMO orbitals of the dye are required to match
the I/ redox potential and conduction band edge
level of the TiQ; semiconductor. Most of the reported
highly efficient metal free dyes could be classified as
clectron donor acceptor m-vonjugated (D-w-A)
compounds, These compounds have been found to
possess photo induced inframolecular charge transfer
(ICT} propesties, which make these compounds have
broad and intense absorption spectra in the visible
region.

Amony metal-free organic dyes, conmarin dyes
have been subjected as strong candidates because of
their pood photoelectric conversjon. The efficiency of
BSC based on eoumarin dyes are developed by Hara
and co-workerin 2001 [t]. They increased -
conjugated system by insertion of a methine uait in
C343 [2], which push the efficicncy up to 5.6% (NKX-
23EE). Towraducing of bulky substitution can prevent
aggregation and yicld the officieney to 6.7% for NKX-
2733 [3]. Recently, expanding n-conjugated system
using thiophene moiety can reach the efficiency to
7.7% for NKX-2677 {4]. Thesc works indicate that
madifications of molecular structures are not limited
and therefore higher cfficiencics can be obtained.

Currently, molecular modeling technigues and
especially quantum chemistry offer a competitive
alternative for the interpretation of the experimental
data, So the theoretical investigations of the physical
propertics of dye sonsitizers arc very tmportant in
order to disclose the rolationship among the
pesformance, structures and the properties, it is alse
helpful to desifn and synthesis novel dye sensitizers
with higher performance.
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Herein, we performed DFT/TDDFT calculation to
provide a detailed characlerizalion of the structural,
electrenic and optical propertics of the organic
sensitizers.

2. Materials ang Methods

To gain insight into the factor responsible for the
absorption spectral, we perform DFT and TDDFT
caloulations on the ground state of organic dyes. This
computational procedure aflows us to provide a
detailed assignment of the excited state involved in the
absorption process. The geometries in the gas phase
were optimized by the DFT method using the RILYP
exchange — correlation finction, with 6-31G (d,p)basis
set in the Gaussian 03 program package [7]. Electronic
populations of the HOMO and LUMO were calculated
to show the position of localization of elsctron
populations along with the calenlated molecular orbital
encegy diagram. The electronic absorption specira
require calculation of the allowed excitation and
oscillator strengths. These caloulations were carried
out wsing TDDFT with the same basis sct and
exchange — correlation functional.

3, Results and Discussien

In the investigation of D-n-A systems, the
molecular structure of the ICT states is an important
point of discussion. Herein, theoretical calcalations

were performed to study the ground-state structures of
conmarin dyes.

5.
oY
.
G0 oo

O-CT,A(r=2-3)

e, _cooH
=N
A \f“
/jl 0 g

N-CT,A (1=2-3)

COGH

Figure 1. Sketch map of the struetures of O-CT,A and
N-CT,A (n=2-3)

3.1 Geomctries of Ground State

The structures of the different donor mosetics of
the coumarin dyes used in this study arc shown
inFigurel.We eptimized the mofcculnr structure of
coumnarin dyes in the gas phase and obtained the
geometries as shown in Figure 2.

For dyes with the O-coumarin, The optimized
structure shows that the cyanoacrylic acid group is coplanar
with with the thiophene, T-A dihedra! angic arc found
te be 0.02-0.2F", Thus the strong conjugated effects ars
formed. This cosjugation. is very helpful for efficient
transfer in conjugate chains. For the dyes with N-
coumarin, N-CT:A and N-CTyA. it is noted that the
aptimized geometrics of these compounds yield fully

planar geometry in the ground state, These results
indicate thal influence of different donor does not
affect ground state structure of the dye,

Table 1. Selected importand iner-ring distances in
degree and bond length {in angstrom) of @ - CT,A and
N - CTA caleufated by BILYPA-3IG (dp)
caleulations

Molecules C-T TIT2 T2-T3 T-A

NChA 256 063 . 0.2
(146)  (L44) -4y
N-CT:A 165 1.5 12021
(146)  (1.44)  (1.44) (143
OCT,A 133 101 0.t
(146)  (1.44) - (4
OCT:A 300 273 361 0.17
(L46)  (L44)  (1.43) (1.43)

Note: C is coumarin, T is thiophene, A is anchoring
group
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Figure 2.0ptimized structures of N- CT, A and
O—-CTA n=2-3)

3.2 Frontier Molecular Orbital (FMO)

The frontier mofecular orbitals of the coumarin
dyes are shown in Fig. 3The percentage composition
of frontier moldoular of, N-CTaA, N-CTyA, ,0-CT:A
and O-CT;A shown in Table 2 The highest occupied
molecular orbital (HOMO) is 4 delocalized & orbital
over the coumatin and thiophene unit, wherens, the
towest unaccupicd molecular orbital (LUMD) is n*
orbital that logalized in thiophene and eyanoacylic
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group. It is found thal the percentage of comorin is
abou! 25 — 50% while the percentage of contribution
of cyanoacylic is about 36 — 42%. The calculated
results shows that the distribution of the HOMO and
LUMO was separated in the compounds, indicating
that the HOMO — LUMO transition can be
considered as JCT transition.There were some
electronstransferred from the eleciron donor group to
the electron acceptor group through chemical bends,
When the dye sensitizer was anchored to TiO, the
position of the LUMO close to the anchoring group
enhance the orbital overlap with thetitanium 3d
orbitals and favors electron injection.

HOMO LUMO

N-CT:4 5?‘!!(,13.3‘:: s .;:f':’-g;é:"&‘f
wera Bl e itsag
oCTA - “@i“;&?’ NERXT o 2

octa Ugirg:  Titasdes

Figure 3.Molecular erbital surface ofN- CT,A and
O—CTph (n=2-3}

Table 2.Energies and percentage composition of
several frontier molecular orbitals of N - CT,A and
O-ChHA (n=2-3)

Molecules Donor  Thiophere  Accepter
FOTA LUMO 13 T T
HOMO 50 42 3
NCRLA  LUMO 7 58 36
HOMO 40 58 s
OCTA LUMO 7 51 az
HOMO 29 63 3
OCT:A  LUMO 7 58 36
HOMO 2% 68 7

3.3 The lowest excitation energies (Anomo-Lumo)

Highly efficient DSCs require that the LUMO
fevel of the dye molecules shonfd be more nepative
than the conduction band edge of TiO, (Eg) to ensure
an effective electron injection from the dye moleoules
to the conduction band of the TiO; film and the
HOMO fevel of the dye shoutd be more positive than
the redox potentiai of '/ to ensure the regeneration
of dye molecules.

Figure 4. Schematic energy dingram of¥- CT,A and
0 CT,A{n=2-3)

As skown in Fig, 4, the calculated HOMO energy
teved was slightly higher, the LUMO energy lovel is a
little lower, and the HOMO-LUMO gap was smaller,
compared with these of N-coursaria and O-coumarin
respectively, indicating the stronger clectron donor
ability of the N-coumarin than that of O-coumarin in
the similar molecular structure. Moreover, incrensing
the number of the thiophene uaits increased the
HOMO leve! and narrowed the HOMO-LUMO gap of
the N-coumarin and O -coumarin dyes obvicusty.

3.4 Absorption spectra

TD-DFT calculations on a B3LYP/6-31G {d,p)
level of theory show two transitions with large
oscillator strengths consistent with the absorption
spectrum. The UV - vis absorption spectra of alt
compounds are shown inFigure 5. Their photophysical
characteristics are listed in Table 3, The absorption
peaks of O-CT,A and N- CT,A existed at 503 and 541
nm; whereas O-CT;A and N-CT;A present an intense
red-shifl absorptionpeak at 567 and 593 nm due to
their elongated conjugations. Coumarin-based dyes
exhibited two intense abserptions in the uliraviolet
region and one in the visible region.

— 2T,
0T,

—RALCT,

Hormialized Absarpticn
H

7 T T T T
9 Fd Wo A 550 wa ™ 60
Wavelength (na)

Figure 5.The abéurption spectra of N- CT,A and O-
CT,A(n=2-3)
t
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Usually, the absorption bands at arouad 503 -541
nm can be attributed to the n—n* transition and bands
at around 567-593 nm attributed to the TCT behween
the donor and the accepior which was consistent with
the assignment to the transition from the ground state
(S} to the first singlet excited state (S;) according to
calculation results.

Table 3.Electronic transition, sbsorption wavelength
and oscillator strength (f) and excitation encrgy
obtained by TDDFT at the BILYP/6-31G{d,p)

Main
Efectronic - condribulion
MRS nsidon  (mm)  M-omo,  Choreler
LUMO
NCTA 8081 (f‘;;&”s) HoL (82%) T
» 823 ToL1 (53%) o
5051 0430y Ho—L gl i
roma  sos (I e 1e1
31 Ml 5T .
S8 08120 H-l-oL (46% mon
0-CT:A 8081 (1523;‘“:,) -+, (78%) IcT
M5 Belstl (57%)
S0-82 e belez v o
0-CTia S8 (13-213.,2) HoL (32%) T
052 BE6  HoL2 (63 —_

Q1320 Hodmelr] (25%)

The absorption bands arised from ICT slightly
red-shifted with the introduction of more thiophene
units due 6 the expansion of the # - conjugation
length, Due to the strong push~ pull systems, red shifts
of the lower energy absorption band indicate that this
band could be attributed to the electronic transition
delocalized throughout the whofe miolecute with a
charge-transfer characier.

4. Conclusions

‘The geomelries, electronic struclures, polarizabiti-
ties and optical properties of the N-coumarin and Q-
cowmarin were studied by using density functional
theory with hybrid functional BILYP, and the UV-vis
speclra were investigated by using TDDFTF methods,
The optimized geometries of these compounds yiekded
fully planar geometry in the ground state, The features
of absorption spectra in visible and ncar-UV region
were assigned, and the absorptions wese all aserlbed to
the x-a* transition ard 1ICT between the donor and the
accoptor  according fo the quafitalive agreement
between  the  experiment and  the TDDFT
caloulations, When comparing those of N-coumarin and
O-coumarin, the oncrgy gap of N-coumarin was
smaller than that of C-coumarin, indicating the
stronger efectron donor abifity of the N-coumarin than
that of O-coumarin. So this electron donor ability
indicates that the choice of the appropriate donor in
dye sensitizer is very important for improving the
performance of DSCs,
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